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EDITORIAL 


As with many other scientific journals, adjustments to content and format are inevitable. Thus, 
the editors of Gulf and Caribbean Research (GCR) are pleased to announce that starting in 2016 with 
Volume 27, we are adding a new section entitled ‘Ocean Reflections.’ The Editorial Advisory Board 
of GCR recently approved this new section which will highlight invited manuscripts from eminent 
senior scientists with a significant history of research in the Gulf of Mexico and Caribbean Sea 
regions. These invited contributors will address broad topics associated with the region and will 
discuss how their discipline has evolved during their career due to technological advances, changes 
in the discipline, or paradigm shifts. These invited contributions will be editor—reviewed, Open 
Access, and limited to 1—2 per volume (year). For Volume 27, the Mississippi-Alabama Sea Grant 
Consortium will support Open Access publication of the first Ocean Reflections article. 

These invited articles will be advantageous for young scientists and undergraduate and graduate 
students alike as they will focus on the history and development of selected disciplines written by 
senior—level leaders in the field of study. A brief biography of the author will be included with each 
article. The Ocean Reflections section will highlight the development and changes in such diverse 
fields as deep sea research, coral reef ecology, harmful algal blooms and salt marsh ecology over the 
past 30—40 years. It is our hope that the GCR readership will gain an appreciation for the evolution 
of science and research through these Ocean Reflections articles. 


Mark S. Peterson! and Nancy J. Brown—Peterson? 

'Division of Coastal Sciences and the *Center for Fisheries Research and Development, School 
of Ocean Science and Technology, The University of Southern Mississippi, 703 East Beach Drive, 
Ocean Springs, MS 39564 
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OCEAN REFLECTIONS 


YOU CAN’T CATCH A FISH WITH A ROBOT 


R. Grant Gilmore, Jr. 


Estuarine, Coastal and Ocean Science, Inc., 5920 First Street SW, Vero Beach, Florida 32968; email: rggilmorej@gmail.com 


Asstract: In this essay | will relate the challenges associated with deep sea ocean exploration as well as the advantages and disadvantages 


of today’s ocean technologies based on experience with most of these systems. After nearly 5 decades using robotic vehicles (Remotely 


Operated Vehicles = ROVs and Autonomous Underwater Vehicles = AUVs) and manned submarines for fish research, | thought it would be 


appropriate to briefly describe a career spent using these technologies as they were developed. Deep sea ichthyologists cannot effectively 


catch a swimming fish with a robot even 40 years after the development of the first ROV for deep ocean science investigation, nor can 


most currently—available manned submarines. There is a continuing debate on the advantages of using robotic machines (cheaper, safer) 


versus manned machines (more expensive, dangerous) for ocean research. Appropriately designed and operated manned submarines can 


accomplish considerable ocean exploration that robotic vehicles cannot. Robotic vehicles have their own advantages and science missions 


that manned vehicles cannot accomplish, but there is a loss in capturing mobile specimens for study and recording important behaviors 


and ecologies that simply cannot be accomplished with robots. | have written this retrospective on deep ocean research capabilities as my 


profession, ichthyology, and the world, have lost a major technological asset that can easily be brought back once its value is realized. 


Key WorbDs: Submarine, ROV, AUY, ichthyology, deep ocean, Johnson—Sea—Link 


INTRODUCTION: THE OCEAN CHALLENGE 

Sixty years ago, like many explorers of the past, we did not 
understand the immensity of the forces that challenged our 
success in exploring the deep sea. Most problems create valu- 
able and helpful discoveries that aid in making dangerous 
explorations safer and successful. These discoveries, once 
understood, often reveal our initial ignorance of the forces 
that must be conquered, particularly for deep sea explora- 
tion. It takes naivety, imagination, fortitude and ingenuity 
to explore the unknown, particularly when it is a truly life or 
death endeavor. Often there are decisions to cure problems 
without truly knowing or understanding the problem. In my 
personal case it was the physiological impact of the deep sea 
on human health/survival. With appropriate technological 
advances, deep ocean machines can keep humans safe while 
diving to some of the greatest depths on Earth, while allow- 
ing unprecedented scientific progress. 

The ocean was romanticized by one of its first routine hu- 
man inhabitants, the inventor and ocean explorer, Jacques 
Ives Cousteau (Cousteau 1952; Cousteau and Dugan 1953; 
Cousteau and Dumas 1962; Cousteau and Schiefelbein 
2007). He wrote many articles and books, and was one of 
the first to use cinema and television to reveal the ocean to 
the world audience with his global Calypso expeditions. Un- 
fortunately, many of the most difficult problems, particularly 
those involving human physiology in pressure environments, 
were largely unknown when Cousteau was promoting his 
early ocean explorations in the 1950s and 60s. However, a 
contemporary of Cousteau, the ocean pioneer and inventor 
Edwin Link, was making some of the deepest and prolonged 


ocean dives at that time (Link 1958; 1963; 1964; 1973; Link 
and Littlehales 1965; van Hoek and Link 1993; Marden 
1998). Detailed physiological research on humans in pressure 
chambers was just getting underway during the 1960s (Duke 
Center for Hyperbaric Medicine and Environmental Physiol 
ogy, Duke University School of Medicine, http:www//anes- 
thesiology.duke.edu/?page_id=828766; Wicklund 2011). To 
allow ocean exploration, new developments in materials as 
well as mechanical, hydraulic and electrical technology were 
necessary. In many ways, these challenges were considerably 
more difficult than those engineered for aerospace explora- 
tion. For example, humanity’s interest in ocean exploration 
was far less than that for aerial and space exploration simply 
due to the universal visibility of air and space and the invis- 
ibility of the marvelous creatures below the ocean’s surface. 
Out of sight, out of mind! In fact, the Chinese invented the 
rocket over 900 years ago, while Cousteau and Gagnon in- 
vented the first effective ‘self-contained underwater breath- 
ing apparatus’ (SCUBA) regulator in 1943. 

People knew the surface of the ocean quite well. When 
looking out over the ocean from the deck of a ship, you are 
gazing upon a virtual desert with no visible forests, lush grass- 
lands or animals except for the fortuitous sea bird or flying 
fish breaking the surface. The ocean’s surface looks the same 
in the South China Sea as does in the Gulf of Mexico, or 
Caribbean Sea. I have always felt sorry for our predecessors 
(before 1950) in marine science trying to explore the ocean 
below the waves before the advent of SCUBA and research 
submarines. Marine science technology and hyperbaric phys- 


Gilmore 


iological understanding were literally in the dark ages when 
compared to space exploration (Kottler 1969; Brubach and 
Neuman 2003; Finlayson 2009) when I began my career in 
aquatic science. While large submarines carrying crews of 
humans have plied the seas for over a century, they had no 
windows. Tens of thousands of naval sailors swept pass tril 
lions of unstudied, unclassified sea creatures without ever 
knowing they were there. Military submarines are still pass- 
ing blindly through this rich ‘living soup’ over 100 years lat 
er while tiny manned research submarines are disappearing. 

One eternal question that spurred the early ocean explor- 
ers during my career was: If living organisms can survive in 
the deep sea, can humanity survive there too? Additionally, 
many asked: If seals, dolphins and whales, mammals like us, 
can live continuously in the sea, why can’t we? The popular 
movie of the early 1990s, The Abyss (Figure 1), presented 
these very questions. There were many reasons for the in- 
ability for humans to enter the sea. Many ocean exploration 
problems presented greater challenges than those that had 
to be solved before we could enter outer space, or go to the 


FIGURE 1. Marquee 
from the 1990s movie, 
The Abyss, an unexplored 
physiologically alien envi- 
ronment illustrating the ro- 
mantic concept of humans 
living within the deep 
ocean. 


moon. Water is dense, heavy (30 cm of seawater depth = 
0.445 psi), and absorbs light to the point that at 1,000 m 
(~3280 ft) below the surface there is no solar light under 
the most optimum conditions. It is totally dark beyond that 
depth except for biological light emanating from biolumi- 
nescent organisms. The darkness of the deep sea does not 
call us as the moon or Mars do since we cannot see it, know 
it, or understand it. There is one major reason for exploring 
the deep sea versus the moon and Mars —— the sea contains 
an abundance of living breathing organisms and we are de- 
pendent on a living sea for survival. 

After World War Il (WWID, inventors around the globe 


created undersea habitats from the Black Sea to the Carib- 


bean. Cousteau and Link were among these people who 
actually put people in undersea habitats for the first time 
(Stenuit 1964; van Hoek and Link 1993; Marden 1998; 
Cousteau and Schiefelbein 2007). I was in the generation 
who thought we could live in the deep sea. Many of my men- 
tors and colleagues in marine science like Bruce Collette, 
Robert Jones, C. Lavett Smith, James Tyler, John McCosker, 
Sylvia Earle, and Eugenie Clark also shared the same dream. 
As a young naive marine scientist I, and my colleagues, 
agreed to live at 305 m (~1000 ft) depths with our bodies 
experiencing the pressure equal to about 445 psi (30 x sur 
face atmospheric pressure at sea level) for prolonged periods 
of time even though it had never been done before. I also 
agreed to have a deep sea submarine transport me into the 
depths and ‘burp’ me out to conduct research and return 
even though it had never been done before. To that end, I 
agreed to live in an undersea habitat for a week or two and 
explore the ocean daily to 76 m (250 ft) on air (not helox, 
but air!). 

These experiences were life-changing for me as they 
were for my colleagues. Most humans have not experienced 
deep sea organisms except through the public media, televi- 
sion, cell phones, and their computers. What is it like to be 
surrounded 360° by water with strange creatures that are 
curious about you? If you could, what would you do while 
there with these organisms that you could not do by drop- 
ping a baited hook and line, or net from the surface, as 
humans have been doing for millennia? Today there are lit 
erally thousands of robots dropped into the sea on a daily 
basis, although most not for scientific exploration. These 
robots typically take cameras with them that cable the im- 
ages to the surface ship’s control room. However, by using 
robots we are observing through a camera lens, which is 
not at all like being there within that lively deep remote 
environment. 

What is the advantage in studying the ocean from with- 
in an acrylic bubble and making instantaneous decisions 
with a variety of tools’? You are able to maneuver yourself as 
if you were a fish to make critical collections and observa- 
tions. Manipulating a robot hundreds or thousands of feet 
away looking through a camera lens does not allow obser 
vation of an organism’s entire environment and what it is 
doing in 3—dimensional space (i.e., mating, eating, sleeping, 
chasing, running away). However, while sitting comfortably 
and quietly in an air conditioned acrylic sphere at 350 m 
(~1150 ft) in crystal clear tropical waters (Figure 2) you are 
surrounded by the ocean universe and entertained by thou- 
sands of living organisms from minute glowing specks to gi- 
ant sharks and squid. At the same time you are observing the 
reaction of the myriad of other creatures surrounding you. 
I know about the real—time interactions and observations, 
as I spent over 40 years and hundreds of hours using the 
undersea robots and staring through camera lenses, start 
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FIGURE 2. Johnson- 
Sea-Link manned sub- 
marine on bottom in 
Bahama Islands. 


ing with the very first one for scientific investigation, Link’s 
‘Cabled Observation and Rescue Device’ (CORD). This was 
among the first generation of undersea robots (e.g., Figure 3) 
now known collec 
tively as ‘remotely 
operated vehicles’ 
(ROVs). Lalso spent 
thousands of hours 
manned — sub- 
marines _ starting 


in 


as one of the first 
scientists to dive in 
the acrylic sphere 
of the Johnson— 
Sea—Link-I (JSL-I) 
submarine in 1971. 
The question in my 
mind during these 
early years 
“What if you want 
ed to capture that 
swimming fish and 


Was: 


FIGURE 3. The author with an early version 
of one of the most popular ROVs active today, 
the 'VideoRay.' 


study its anatomy, 
physiology, and ge- 
netics?” How could 
a remotely tethered robot 350 m deep do that? 


BECOMING A SCIENTIST: PERSONAL EXPERIENCE AND 
DECISIONS 

While growing up around military aircraft and rocket 
launches I was always fascinated with aeronautics, the 
emerging space program, and being a pilot. Space and aero- 
nautics were always in the headlines and in my personal 
experience! However, in parallel with these dreams and 
in a post-WWII environment of discovery, marine scien- 
tists were now able to enter the sea using SCUBA to at least 


100 m (~328 ft) and they were making thousands of new 
discoveries in < 30 m (~98 ft), particularly around reef for- 
mations where trawls and dredges pulled by surface vessels 
were ineffective. It was at this time that Cousteau started his 
television and book series chronicling his undersea explora- 
tion of the world ocean (Cousteau and Schiefelbein 2007). 
The 1950s and 1960s were exciting years for youngsters 
interested in science careers. In my home town, Sarasota, 
Florida, the Cape Haze marine laboratory, founded by Dr. 
Eugenie Clark, sponsored an annual undersea science lec 
ture series for children (Clark 1969) and across the state the 
federal space program at Cape Canaveral was open for pub- 
lic tours on weekends. These two fields of interest and study 
were in many ways similar and exciting. I went to school at 
the University of Florida to study aeronautical engineering, 
but I took two biology courses on living creatures as elec 
tives which changed my life and career. I transferred to the 
University of West Florida in Pensacola to study marine bi- 
ology as an undergraduate and also completed my Master’s 


degree there (see Biography). I never looked back! 


Be BRAVE AND Explore For A Jos IN PERSON: THE 
LABORATORY THAT Was Not Yet THERE EVOLVED INTO A 
MAJOR INSTITUTION For OCEAN EXPLORATION 

My career started when, while completing my Master’s 
degree, I started looking for a research position at a marine 
laboratory. After a considerable number of applications were 
mailed (there was no internet then), it was personal contact 
with resume in hand that was the key for 4 job opportuni- 
ties. I actually interviewed at a new marine laboratory that, 
in fact, was not even built yet! Through a college roommate, 
I heard about a new marine laboratory under construction 
in Fort Pierce, Florida and immediately drove to that lo- 
cation to make contacts and hopefully earn an interview. 
Again personal contacts are critical as | met an inebriated 
customer at a bar on the waterfront in Fort Pierce who had 
heard a rumor of a new marine research facility and offered 
to lead me there. We drove to a dirt road that appeared to 
lead to nowhere. I drove down the road passing what looked 
like a ship’s bridge rusting in the sand, and after about a 
mile I came to a rustic metal Butler building. This did not 
look promising from the exterior but I was surprised when 
I opened the door, as in front of me was a gleaming alumi- 
num and acrylic submarine. This was the JSL—I submarine 
that had just been completed that year and passed initial 
sea trials in winter and spring 1971 (Link 1973; van Hoek 
and Link 1993). It was a revolutionary design with an acrylic 
sphere for the occupants up front, and an aluminum diver 
lock out compartment in back (Figure 4). It was owned by 
the Smithsonian Institution with their logo across the bal- 
last tanks. The sub’s metal Butler building was on what ap- 
peared to be a channel in the mangroves extending out to 
a lagoon called the Indian River (see early work in Gilmore 
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1977a,b; Gilmore et al. 1978). 

I met a lady behind a desk (Caro- 
lyn Zealand) in the next room and was 
introduced to Captain Smith, retired 
Navy, who was supervising the conver 
sion of an old Coast Guard cutter, the 
USS Yeaton, into a research submarine 
tender (to be called the R/V Johnson). 
Captain Smith and I met in a drafting 
room and he kindly agreed to inter- 
view me and see what I was about. Ap- 
parently, I passed my first inspection. 
He later called Washington, D.C. 
to speak with Dr. I.E. Wallen of the 
Smithsonian Institution who met with 
me on one of his trips to east Florida 
and eventually gave me a job offer, 
though there was still no laboratory in 
which to work. I was then informed 
that I would be working for a newly 
established private non—profit entity 
called the Harbor Branch Foundation. 


HARBOR BRANCH FOUNDATION FOR INTERDISCIPLINARY 
OcEAN EXPLORATION AND TECHNOLOGY DEVELOPMENT: 
THE History Or MARINE SUBMARINES AT HARBOR 
BRANCH FOUNDATION 

Mr. Seward Johnson, Sr. formed the Harbor Branch 
Foundation (HBF) in collaboration with Edwin Link for 
ocean exploration and marine ecological research. We had 
a credo up on the lab wall for years written by Mr. Johnson 
that expressed his desire to study everything in the ocean 
using the JSL submarines launched from the decks of the 
R/V Johnson and R/V Sea Diver. These ships were augment 
ed with ocean trawling surface vessels, the R/V Sea Hunter, 
R/V Joie de Vivre and the R/V Gosnold, and by a fleet of 
small boats for inshore studies. They wanted to begin by 
classifying all marine organisms from the banks of the In- 
dian River Lagoon to the depths of the ocean on the eastern 
side of the Bahama platform. They wanted all aquatic dis- 
ciplines represented and within 7 years had hired chemists, 
geologists, oceanographers and a diverse array of marine 
biologists in phycology, phytoplankton, zooplankton, echi- 
noderm biology, malacology, carcinology, polycheate repro- 
duction, benthic ecology, deep sea physiology and compara- 
tive ecology (Young et al. 1974). In 1985, marine scientists 
from the HBF and the Smithsonian Institution joined with 
Ed Link’s group of ocean engineers (first known as the Sea 
Diver Corporation), and this new endeavor was called the 
Harbor Branch Oceanographic Institution (HBOI). The 
first HBF employees (Gilmore, Williams, Putnam, Meek 
and Gore) had to agree to compress down to depths of 154 
m (500 ft) and lock out of the JSL submarine to collect ma- 


FIGURE 4. Unique Johnson-Sea-Link submarine 
acrylic sphere occupant chamber design. 


Diver lockout chamber 


rine organisms in the deep sea that would be taken back to 
the laboratory in pressurized containers. I was one of the 
first HBF science employees (with Doug Putnam and La- 
verne (Coddy) Williams) to make the first dives in the JSL—I 
submarine, 1971-1972. 

We had a laboratory—based steel pressure aquarium for 
physiological experiments on fish captured at depth by div- 
ers from the JSL deep sea submarine. To my knowledge 
this was the only research submarine capable of locking 
out divers to collect organisms at depths to 183 m (600 ft). 
Fish captured at depth could then be placed in pressurized 
transport vessels that were kept at ambient bottom pres- 
sure values and brought to the surface. The transport vessel 
carrying the fish was then mated to the steel pressurized 
aquarium back in the lab. Dr. Robert Meek conducted suc- 
cessful hyperbaric physiological studies on Citharichthys spp. 
flounders between 1972—73, until the tragic JSL—I subma- 
rine accident that killed Ed Link’s son, Clay and Al Stover 
in June 1973, Dr. Meek left HBF after this fatal submarine 
accident and the pressure physiology program at HBF was 
never reinstated. Thereafter, with the exception of a few 
brief experiments by Dr. Robert Avent, the unique pressure 
aquarium was used only for testing and certifying deep sea 
instruments to be placed on the JSL submarines. 

Clay Link and Al Stover did not die in vain. Due to the 
effort of Ed Link and his talented engineers, the following 
years saw major improvements in equipment and submarine 
operational procedures. New highly effective personnel cre- 
ated the safest deep sea research submarine operation on 
the planet. Submarine rescue ROV systems were developed 
at HBF and carried on the submarine mother ship. Launch 
and recovery operations were made under strict guidelines 
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and considerable time and effort was put into training new 
crews each year. Eventually another Johnson—Sea—Link sub- 
marine was built (/SL— II) as were additional submarine 
mother vessels. The HBF surface fleet from 1971 to 1990 
consisted of the R/V Sea Diver, R/V Johnson, R/V Seward 
Johnson and the R/V Edwin Link carrying the JSL-I and II 
submarines and a Perry sub, the Clelia, with expeditions 
from the Mediterranean, to the Great Lakes, along the east 
ern seaboard from Canada to the Florida Keys, throughout 
the Caribbean Sea and into the eastern Pacific. Thousands 
of dives were made safely with hundreds of scientists from 
institutions around the world. 

During the early 1970s, between deep sea field excur- 
sions and lock out dives from the JSL submarines, there was 
a series of hyperbaric duration trails using the hyperbaric 
chambers at the Center for Hyperbaric Medicine and En- 
vironmental Physiology, Duke University Medical Center, 
Durham, NC. All HBF employees were encouraged to par- 
ticipate in 228 m (750 ft) saturation living in the chambers 
for several days with 2 day excursions to 305 m (1,000 ft) 
depths. Some HBF employees saturated to 610 m depth 
pressures (= 2,000 ft seawater; 896 psi). It took several days 
to decompress from these saturation experiments. Though 
several scientists, engineers and divers from HBF partici- 
pated in these dives between 1973 and 1975, enough physi- 
ological data were obtained to indicate that saturation at 
this level was not safe enough for human physiologies. I con- 
curred after monitoring gases and divers in the first satu- 
ration dive series in January 1973 at the Duke hyperbaric 
chamber facility and reading extensively in their hyperbaric 
medical library. 

Although I did not make a saturation chamber dive in 
that program, 2 years after the tragic 1973 submarine acci- 
dent the JSL submarine saved my life during a NOAA spon- 
sored saturation program. This program included living in 
the Hydrolab habitat and swimming deep excursions to 61 
and 76 m (200 and 250 ft) to capture fish on a vertical wall 
using experimental rebreathers at Lucaya, Grand Bahama 
Island, Bahama Islands (Wicklund 2011). I lost conscious- 
ness at 42.7 m (140 ft) after convulsing from CO, poisoning, 
precipitated by O, toxicity, due to the failure of rebreather 
dissolved oxygen sensors. I was saved by a support diver, Mr. 
Robert Wicklund, who moved me to an undersea habitat 
(Sub—Igloo) where he gave me CPR (Wicklund 2011). The JSL 
submarine picked me up from there and mated to a decom- 
pression chamber below the O1 deck on the R/V Johnson 
which allowed a hyperbaric physician to lock in with me 
and start treatments for decompression, embolism and salt 
water consumption. I was eventually transferred to a critical 
care unit in a stateside hospital, although I nearly expired 
during the flight from the Bahamas to Miami in a plane 
that was delayed due to some faulty HBF administrative de- 
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cisions (Wicklund 2011). We learned a lot about rebreath- 
ers, scientist capabilities in capturing fish on air to depths 
of 76 m (250 ft), and duration diving in the Hydrolab during 
these experiences. New species of fish were captured, but at 
great physical risk to the diving scientists, several suffering 
from narcosis, or becoming nauseous while working at 76 m 


(250 ft) depths on air. 


How CAN ICHTHYOLOGISTS CAPTURE DEEP SEA FISH 
UsiING MACHINES? 

The overall objective of the HBF was to pursue aquatic 
science, and extend the knowledge of estuaries, coasts and 
the world’s ocean. If you are investigating an unexplored 
ecosystem, the deep sea, and observing creatures never seen 
before, how can you know who, or what they are without 
examining them in hand, up close and personal? You can- 
not determine their reproductive status or stomach contents 
without examining them. How can you determine their 
genotype just by photographing them? In 1971 there was a 
global navy of deep sea “research” submarines but all were 
designed to observe, not capture, actively swimming marine 
organisms. Fish were not on the agenda and considered im- 
possible to capture (Terry 1966; Oceanography in Florida 
1970; Sweeney 1970; Piccard 1971; Limburg and Sweeney 
1973). The exception was the JSL-I that was designed from 
the beginning for capturing fish with lock—out divers. 

The logistics of deep sea exploration are challenging. 
Undersea exploration requires life support systems: air to 
breath, wastes to expel or modify, and living quarters for 
rest and work. Undersea vehicles must withstand immense 
pressure at the deepest location in the ocean, the Marianas 
Trench. The cold pressurized deep ocean is highly viscous, 
needing considerable energy and an efficient hydrodynamic 
design to maneuver within it. You must carry your own 
power source, reliable state—of—the—art batteries, in order 
to function. Military submarines use costly and dangerous 
nuclear energy. The only nuclear powered research subma- 
rine other than the Navy’s NR-1, the Benjamin Franklin, was 
designed and built by a military contractor, Grumman Cor 
poration, and successfully carried out the first long dura- 
tion ocean exploration to a depth of 610 m (2,000 ft) for 30 
days in 1969. Grumman had also built the Lunar Excursion 
Module (LEM) that took Neil Armstrong and Buzz Aldrin to 
the surface of the moon. They were on the moon when the 
Ben Franklin submerged to drift over 1,400 miles in the Gulf 
Stream, but no one remembers the Ben Franklin feat, only 
the lunar landing. 

Unfortunately, the Ben Franklin was never used again for 
ocean exploration after its first major mission; the Navy’s 
NR-1 is also now retired. Unlike the JSL research subma- 
rine, all the other small research submarines built at the 
time, the Perry subs, Alvin, Aluminaunt, Pisces I-IV, Deep- 
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star—2000, Kuroshio II, NR—-1, Nekton Alpha/Beta, Shinkai, 
Stars I & II, and Trieste I & II, were designed to observe the 
ocean through port holes, or glass hemispheres (Figure 5; 
Terry 1966; Oceanography in Florida 1970; Sweeney 1970; 
Piccard 1971; Limburg and Sweeney 1973; Penzias and 
Goodman 1973; Trillo 1979). Thus, these submarines had 
limited visibility. Most of them had a single large propeller 
for forward and backward motion, but not ‘all axis' thrusters 
and maneuverability. Many had mechanical arms for pick 
ing up objects like rocks, but not for capturing living mobile 
creatures. When they were built the greatest concern was 
with geological resources (such as oil deposits) and military 
purposes, not biological and ecosystem understanding. 
Fortunately, HBF had a unique submarine designed by Ed 
Link for high visibility with occupants in an acrylic sphere, 
and high maneuverability with multiple thrusters aligned 
on several axes (Figure 6A). The requirements of a manned 
fish capture machine are not too different from that of a 
manned aircraft used for fighting in aerial combat. So it is 
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FIGURE 5. Various deep sea research vehicle designs. 
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not too ironic that Edwin Link, inventor of the Link Trainer 
for aircraft pilots, designed and invented a submarine that 
had many of the capabilities of an aircraft, with emphasis on 
having high visibility and maneuverability. The rapidity of 
changing direction in all axes was created by placing station- 
ary propeller thrusters facing in all compass directions both 
in the bow and along the sides. 

From 1976 to 1989, HBF/HBOI engineers and biologists 
began work on fish capture devices that would eliminate the 
need for divers to saturate. The JSL submarines were being 
cleared for deeper diving, eventually allowing dives to 914 m 
(3,000 ft) and we had to develop a variety of fish capture sys- 
tems. Original HBF biologists Dr. Robert Jones, John Miller, 
Dr. Marsh Youngbluth and I worked in collaboration with a 
group of talented HBF engineers, Chris Tietze, Doc Halliday, 
John Holt, Tony Wilson, Robert Tusting, Mike Camp, and 
Greg Kennedy to develop such tools. Machinists and vessel/ 
submarine operations personnel, Roger Cooke, Tim Askew, 
Jeff Prentice, Dom Liberatore, Phil Santos, Jim Sullivan and 
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others also helped to develop 7 major fish capture systems in 
addition to keeping manned submarine operations safe and 
efficient. These fish capture systems were: 

1. Mechanical arm - This tool evolved over the years to 
be very proficient. Lights blinded new species of sharks and 
chimaeras while the arm captured the fish by grabbing it 
by the body. The rotenone injection system listed below was 
mounted on the mechanical arm as was the suction device so 
that they could be aimed and placed where fish were located 
(Figures 6B, 7 and 8). 

2. Forward basket - This tool had 
a hydraulically operated cover and 
could be baited or unbaited. Large 
fish that had been captured with the 
spear system and hook and line listed 
below, or with the mechanical arm, 
could be placed here. This tool was 
responsible for capturing several rare 
and new fish species. It was respon- 
sible for capturing larger predaceous 
fishes such as groupers when baited 
(Figures 6B and 7). 

3. Hydraulic grouper trap — This 
large rectangular trap was carried 
to the bottom and placed up to 10 
m from the submarine as it settled 
on the bottom. It was operated with 
bait suspended in the center of the 
trap. Scientists could open and close 
doors on either end of the trap re 
motely. Up to 5 species of groupers 
were captured at one time during its 
operation at grouper aggregation and 
spawning sites. 

4. Suction device with rotating bins — 
This system was used to suck up fish 
typically < 30 cm in length. Many 
hew cryptic species were captured 
with this device. It was also used to 
suck up fish succumbing to rotenone. 
The plexiglass bins were numbered 
and on a rotating platform, so that 
collections for different depths and 
locations could be separated and re- 
corded (Figure 6B, 7). 


5. Rotenone injection system — Labo- 


ection 5 
Basket 


ratory experiments with various rote- 
none mixtures, solvents, emulsifiers 
and quality of rotenone determined 
the mixture that was least toxic to in- 
vertebrates, but most effective in cap- 
turing fish (Gilmore et al. 1981). This 
unit ejected a stream of rotenone 


FS 


FIGURE 6. The Johnson-Sea-link submarine features 


A. Thruster arrangement for maximum maneuverability. B. Sample viewing and collection features. 
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from a collapsible 20 liter container tie—wrapped inside the 
forward basket. Literally hundreds of fish were captured 
with this system (Figure 7, Gilmore et al. 1981). 

6. Nine shot laser aimed spear/tagging system — A rotating 
arboreta spear system with hypodermic needle heads was 
developed that could inject any required agent into the tar- 
geted fish, or tag a fish with a streamer tag at depth. The 
spear was aimed using a laser pointer placed on top of the 
flat plate positioned above the rotating spears (Figure 8). We 


ies 
7 ’ 


co 


a “4 e 
# 
f ~ es ai 
My = = 
, . Vitor . 
*, 


THRUSTERS ~~ 


Acrylic 
Sphere 


4 \ a W J “ 
—— A iS ys “a 
ee as > ‘ 


wa f 


& ~ 
. a 
Se 


= 


~ *< Rotating sample bins 
— ~ Pan & Tilt Video Camera 


: a 
ptt Be 


~ 


4% 


that are critical for fish collections. 


Gilmore 


acrylic sphere of the JSLs did not allow sounds 
Pilot & Scientist from the interior of the sphere to escape to the 
Observation sphere environment. 

: A variety of still and video camera systems 
were used in these studies, some with pan/tilt 
and zoom capability, color or black and white 
(Figure 6B). The most effective cameras for fish 
behavioral work were the SIT (Silicon Intensi- 
fied) systems that produced black and white 
images under extremely low light conditions 
as most deep sea fish are sensitive to any light. 
Lighting was developed that included rheostat 
controls on red lights augmenting, and in some 
cases, precluding elaborate and diverse white 
light illumination. This is the opposite of the 


Suction Collector 
mounted on arm 


Mechanical Arm 
with rotating wrist 
| Collection Basket needs by coral and sponge collectors, or archae- 
ologists as they usually want high illumination 
Rei Cae Bie aon Video and still cameras had laser aiming and 
measurement devices mounted on the cameras. 
y The still camera photo would shut down the 
FIGURE 7. Suction collector mounted on mechanical arm along with rotenone injection laser so that it did not show in the photos. A 
system on the Johnson-Sea-Link submarine. 15 m (50 ft) role of 35 mm Ektachrome film 
was loaded into an Edgerton submarine camera 
allowing at least 5,000 photos to be taken per 
21—30 day expedition. This was extremely valuable in docu- 
menting in-situ fish color patterns and habitats. 

Increased thruster power along with their placement along 
all axes allowed the JSL submarine to maneuver much like a 
helicopter, leaving the bottom within seconds to chase a live- 
ly fish in the water column. It is very important for the pilot 


” = and then wonder why there are no fish around. 


System, 


Mounted on Suction Tube 


were able to successfully spear large fish with this system and 
place them in the front basket as well as tag several deep sea 
sharks with streamer tags. 

7. Short line float and baited hook — This was an invention of 
the intrepid angler, Dr. John McCosker, California Academy 
of Sciences, on the 1995 Galapagos Islands expedition. A 
1.0 m length of fishing line was tied 
to a small deep sea float (they do not 
collapse under pressure) and a 2—3 LASER AIMED ROTATING SPEAR SYSTEM 
Ib lead weight. A < 30 cm line is sus- 
pended between the float and weight 
with a baited fish hook. A new spe- 
cies of moray eel was captured on 
one of my submarine dives at 300 
m with this system as well as a small 
scorpionfish, that was then eaten by 
a larger scorpionfish as it struggled, 
both being captured simultaneously. 

Using all these systems required 
that the submarine choose a likely 
location for fish capture. The sub- 
marine would either settle at that 
location, or chase an active fish. Low 
illumination was necessary. High il 
lumination typically caused fish to 
retreat to shelter. Fish capture is best 
without lights or major sounds pro- 


duced by the submarine. The largely 
insolated 10.0 cm (4 inches) thick FIGURE 8. Nine shot laser guided spear/tagging system on the Johnson-Sea-Link submarine. 
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to be capable of quickly maneuvering the submarine along 
all axes to capture a mobile fish. The dexterity and visual 
capabilities of the pilot was most important in fish capture. 
Sponges, rocks, corals and other sessile invertebrates were 
easily picked up by any submarine fitted with a mechanical 
arm, but only the JSL submarine could effectively chase and 
capture fish attempting to swim away. 

I personally used manned submarine and robotic vehicles 
to study fish for over 35 years, from 1971 to 2010, making 
over 350 dives to depths as great as 1,000 m (~3,280 ft). Dur. 
ing this time we captured and described hundreds of fish 
specimens and their behaviors with the tools we developed 
at the HBOI, including 116 new species of fish never seen by 
human eyes (Gilmore 1979, 1980, 1983, 1986, 1991, 1993, 
1995a, b, 1997, 2001; Gilmore et al.1981; Reed and Gilm- 
ore 1981; Gilmore et al. 1983a,b,c; Gilmore and Jones 1988, 
1992; Gilmore and McCosker 1996; McCosker and Gilm- 
ore 1996; McCosker et al. 1997; Claro et al 2000; Belleville 
2002, 2004; Gilmore et al. 2003; Gilmore et al. 2005; Mess- 
ing et al. 2013; Tornabene et al. 2016). This was a dream 
fulfilled! 

These tools were designed specifically for use on the JSL 
submarine, but were often copied and used by a variety of 
other manned vehicles elsewhere in the world. A new species 
of living organism cannot be described without a specimen 
in hand; a nice photo is unacceptable. The 1995 Galapagos 
expedition with John McCosker, Bruce Robinson, and Da- 
vid Stedman captured over 30 new fish species including 2 
new sharks with the JSL submarine in 18 dives (Belleville 
2004). 

Despite the advantages of manned submarines, remotely 
operated vehicles (ROV) have resulted in many deep sea 
discoveries. The first ROV used for scientific investigations 
and ocean exploration was 
the CORD vehicle. This was 
developed by Edwin Link and 
his engineering team at HBF 
between 1973 and 1980. I 
had the opportunity to use 
this vehicle and several other 
ROVs for my own research 
programs. My own. experi- 
ence included extensive use 
of the Mini—Rover, Hysub, and 
the NOAA/NURP. Phantom 
ROVs from 1986 to 1993 (in- 
cluding the Super—Phantom). I 
used these vehicles primarily 
for long term fish behavioral 
studies on reef formations 
from North Carolina to the 
northern Gulf of Mexico and 
the Galapagos Islands. They 


Triton Submarines, Inc. 


were used for recording shark and grouper mating behav- 
ior. We found both sharks and groupers would ignore the 
ROV vehicle (SuperPhantom, VideoRay, Minirover) swimming 
or sitting with them. While employed by Dynamac Inc. at 
the Kennedy Space Center (1999—2004), I used the NASA 
ROV, the VideoRay, for a variety of grouper behavior stud- 
ies (Figures 3 and 5). ROVs and AUVs were also used in 
our fish acoustic research programs (Gilmore 2003; Gilm- 
ore et al. 2003). A U.S. Navy REMUS AUV made successful 
transects through spawning aggregations of Spotted Seat 
rout (Cynoscion nebulosus) within the Banana River Lagoon at 
the Kennedy Space Center in 2003 with no recorded change 
in fish choral displays in the presence of the AUV. 

Sadly, in this age of robotics, many robotics experts have 
stated that manned vehicles are not necessary for ocean ex- 
ploration. Apparently, none of these authors were interested 
in capturing actively swimming marine animals, such as fish. 
Even today, only appropriately designed manned submarine 
can capture an active marine organism, nearly 42 years af- 
ter undersea unmanned robotic vehicles became practical 
research machines. 

The only vehicles operational today that could be used for 
fish capture if mated with effective tools are the Triton sub- 
marines built by Triton Submarines, Inc. These submarines 
also benefit from great maneuverability and pilot/scientist 
visibility in an acrylic sphere (Figure 9). Unfortunately, I do 
not know of any Triton submarine being used in the United 
States for fish capture. 


CONCLUSIONS 

In 2016 are we progressing in developing tools with state— 
of—the—art manned submarine that can chase and capture 
new fish species in the deep sea? Forty—three years ago 


FIGURE 9. Triton submarine, the next generation of acrylic submarines yet to be used for active fish collection 
as they do not have the same Johnson-Sea-Link generation fish capture tools.Photo courtesy of Patrick Lahey, 
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(1973), Edwin Link’s wife, Marian C. Link wrote the follow- 
ing lines from her book Windows in the Sea: 


“Oceanography was coming—of—age at a dangerous mo- 
ment in time, the peoples of the earth, weary of their pol- 
luted surroundings, were crying out for fresh territory. 
This combination could not help but generate a rapid 
surge forward in the exploitation of the oceans. It was 
indeed fortunate that until now the previously uncon- 
querable seas guarded a precious two thirds of the globe. 
One can only hope that, his lesson learned, man would 
now assume responsibility for this valuable heritage and 
cherish it for the future. By the end of the decade (1970), 
Ed realized, what was now only a bit of experimentation 
here and there, would be commonplace. The oceans of 
the world would teem with vast programs of exploration 
and development made possible by the successors of this 
small bubble sub and the many other new devices now in 
the making.” 


Now, 45 years later, where are we in ocean exploration, 
particularly with the capability of capturing actively swim- 
ming marine organisms such as fish? The only fish capture 
operation that I am aware of in the tropical western Atlan- 
tic is that of Adrian “Dutch” Schrier, an entrepreneur who 
operates his own submarine “Curasub” for capturing fish 
sold to aquarists (Figure 10; http://Awww.substation—cura- 
cao.com/). He takes tourists on deep dives and most nota- 


bly, rents the submarine to ichthyologists from the USNM, 
Smithsonian Institution (Drs. Carole Baldwin, Ross Robert- 
son, and Luke Tornabene) for exploratory dives in both the 
Dutch West Indies (Curacao/Bonaire) and destinations fur 
ther east. They have captured a number of new fish species 
in dives made over the past decade using quinaldene and 
suction systems (Baldwin and Johnson 2014; Baldwin and 
Robertson 2013, 2014, 2015; Baldwin et al. 2016a,b; Van 
Tassell et al. 2012; Tornabene et al. 2016a,b). The NOAA 
National Undersea Research Program no longer exists after 
supporting so many manned submarine operations in the 
past. HBOI no longer has operational submarine or surface 
vessels for ocean research. In fact, HBOI does not exist as a 
separate oceanographic laboratory any longer as it is owned 
by Florida Atlantic University and is principally dedicated to 
public education. The U.S. Navy’s Alvin is still operational 
with Woods Hole Oceanographic Institution, but is limited 
to the study of rocks, wrecks and sessile invertebrates. ROVs 
and AUVs are everywhere. 

I was fortunate to have been able to explore the ocean 
and study fish during a period of rapid technology develop- 
ment and discovery. It was also a period with mostly healthy 
seas and marine ecosystems. We were able to determine 
what human limitations were and what could be done to 
safely capture and observe active marine organisms. Yet, it 
is obvious that, if in my short career, I never came back to 


FIGURE 10. Curasub collecting fish with suction device on deep slope in Curacao, Dutch West Indies.Photo courtesy of Substation Curacao. 
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the dock from a submarine expedition without capturing at 


depth, there will be thousands of undescribed fish species 


least a few new fish species when operating at 305—914.4 m__ waiting for the next generation of ocean explorers with new 


(1,000— 3,000 ft) depths, only a fraction of the mean ocean 


and superior tools. 
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ABSTRACT: Microzooplankton dilution grazing experiments were carried out on 6 dates, over a 3 month period at 2 locations in the Bay of St. 


Louis, MS (BSL) to determine phytoplankton pigment specific growth rates under natural (y,) and replete (y_) nutrient conditions and microzooplank- 


ton grazing. We hypothesized that diatoms would be the largest portion of the phytoplankton composition due to the winter/fall season and that 


these organisms would have the highest growth/grazing rates. We suspected that river flow from the Jourdan River would adversely affect growth 


and grazing rates of all phytoplankton classes. Growth rates of 5 phytoplankton accessory pigments (peridinin, fucoxanthin, alloxanthin, zeaxanthin, 


chlorophyll b) were identified. Intrinsic growth rates (p,) were often zero or negative (range: —0.46 to 0.56/d) at the location nearest the Jourdan 


River, particularly for alloxanthin (e.g., cryptophytes) and peridinin (e.g., dinoflagellates). Significant grazing of chlorophyll a was observed on 3 


of 6 dates while grazing on marker pigments was variable. The phytoplankton community appeared nutrient limited during all but one experiment 


(U,<p,). Intrinsic growth and grazing rates were correlated (p < 0.05, Spearman Rank Order correlation). Peridinin and alloxanthin—based growth 


and grazing rates were positively correlated with salinity, suggesting a river influence on these 2 phytoplankton pigment classes. We conclude that 


in the BSL microzooplankton preferentially grazed on the phytoplankton class which had the highest intrinsic growth rate. We show that this is greatly 


affected by riverine input into the estuary and nutrient limitation. 


KEY WORDS: Phytoplankton ecology, Subtropical Estuary, Dilution Technique, Grazing, Nutrient limitation 


INTRODUCTION 

The primary source of phytoplankton mortality in coastal 
and estuarine systems is grazing by microzooplankton (< 
200 um), which can represent an average loss of 60% of 
phytoplankton production (Calbet and Landry 2004). Graz- 
ing has been shown to control not only the abundance of 
phytoplankton in a population, but also the composition of 
the population through selective grazing on different phyto- 
plankton classes (Porter 1977; Burkill et al. 1987; Strom and 
Welshmeyer 1991). The Landry and Hassett (1982) dilution 
technique is the most widely used method for the simulta- 
neous estimation of phytoplankton growth and microzoo- 
plankton grazing rates in marine waters with minimal ma- 
nipulation of the community. Application of this technique 
has enabled the examination of microzooplankton grazing 
and its impact on phytoplankton biomass and composition 
in a wide range of ocean systems (Calbet and Landry 2004; 
Schmoker et al. 2013). 

The dilution technique was adapted by Burkhill et al. 
(1987) to give growth and grazing rates of individual phy- 
toplankton taxa by coupling it with HPLC pigment analy- 
sis. Utilizing taxon—specific marker pigments, grazing and 
growth rates varied by phytoplankton taxa and were often 
significantly correlated, with faster growing phytoplankton 
classes grazed at the highest rates (Burkill et al.1987; Strom 
and Welschmeyer 1991; Latasa et al. 1997). There are limited 
data available on applications of the dilution technique in 
subtropical estuaries in comparison to other locations, thus 
representing a major knowledge gap (Schmoker et al. 2013), 


Since estuaries are directly affected by urbanization, it is 
important to understand phytoplankton growth and losses, 
since nutrient loading can lead to an increase in biomass 
and/or blooms. Studies examining phytoplankton growth 
and microzooplankton grazing rates in subtropical estuaries 
have shown a strong top—down control of the phytoplank 
ton community Juhl and Murrell 2005; Palomares—Garcia 
et al. 2006; Putland and Iverson 2007). In these studies, the 
rates of growth and grazing were of similar magnitude and 
microzooplankton proved to be major consumers of phyto- 
plankton production. In other studies, growth rates were 
often greater than grazing rates, suggesting other factors 
controlled the population such as viral lysis, physical fac 
tors, and/or environmental conditions (Chevez et al. 1991; 
Landry et al. 1995; Murrell et al. 2002; Calbet et al. 2011; 
Ortmann et al. 2011). 

The biological communities in the Bay of St. Louis (BSL) 
presented an opportunity to increase our understanding of 
the interaction between phytoplankton growth, microzoo- 
plankton grazing, and nutrient limitation. Recent studies 
indicate that the N/P ratio was lower than the Redfield ra- 
tio and given the low concentration of dissolved inorganic 
nitrogen (DIN), the BSL was considered nitrogen—deficient 
(Cai et al. 2012; Camacho et al. 2014). Dissolved inorganic 
nitrogen concentrations ranged from <1 uM to 12 uM and 
were highest during high river discharge (Sawant 2009; Cai 
et al. 2012; Camacho et al. 2014). Orthophosphate (PO,’>) 


concentrations were generally low with mean concentrations 
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of < 0.5 uM, and increase with 
increasing salinity (Phelps 1999; 
Sawant 2009; Cai et al. 2012). 

The taxonomic composition 
of the phytoplankton assemblage 
and its relation to measured 
environmental parameters has 
been previously examined in the 
BSL (Holtermann 2001; Molina 
2011). In Holtermann (2001), the 
phytoplankton was comprised 
of diatoms, cyanobacteria, and 
chlorophytes during summer and 
by diatoms during winter. Dur 
ing the winter, chlorophyll a (chl 
a) was dominated by diatoms. A 
bloom of dinoflagellates occurred 
during the spring and fall at the 
mouth of the Jourdan River (JR), 
while during the rest of the year 
dinoflagellates contributed little 
to total chl a. Molina (2011) exam- 
ined one station near the mouth 
of the BSL, finding diatoms were 
the dominant taxa during the study period (September 
2007 to November 2009) and there was no clear indication 
of any seasonal trends in composition. 


northern Gulf of Mexico. 


No studies have investigated microzooplankton grazing 
on phytoplankton in the BSL. The purpose of this study 
was to fill a knowledge gap in phytoplankton ecology about 
the dynamics of phytoplankton growth and microzooplank- 
ton grazing in this nutrient limited subtropical estuary. We 
hypothesized that diatoms would be the most prevalent spe- 
cies during winter samplings, and that they would have high 
growth rates and therefore high grazing rates in the BSL. 
We also believe that environmental factors, particularly sa- 
linity, will affect the growth and grazing rates of all phyto- 
plankton pigment classes. 


MATERIALS AND METHODS 

Site Description 

The BSL is a small (area = 40 km’; Eleuterius 1984), shal- 
low (~1.5 m mean depth) semi—enclosed estuary located on 
the Gulf of Mexico coast of Mississippi (MS) connected to 
the Mississippi Sound (a large barrier island estuary that 
spans 145 km between MS and Alabama (AL)) through an 
inlet that is about 3 km wide and 300 m long (Figure 1). 
Two rivers provide freshwater input to the BSL: the JR to 
the west (historical mean discharge rate: 23.5 m?/s) and the 
Wolf River (WR) to the east (historical mean discharge rate: 
20 m’/s; Eleuterius, 1984). The range of salinity in the BSL 
is O—26 and is lower in the winter due to increased river 


runoff (Phelps 1999; Sawant 2009; Cai et al. 2012). Water 
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FIGURE 1. Map of the Bay of St. Louis with the location of the Dunbar Street and Washington Street 
piers marked (solid and open circles, respectively). Inset: location of the sampling area along the 


temperature ranges from 9,9—33,2°C annually (Phelps 1999; 
Sawant 2009; Cai et al. 2012). Annual chl a concentration 
ranges from 0.12—56.08 pg/L (Sawant 2009). 


Sample Collection and Processing 

Samples were collected from the Washington Street 
(WS) pier located near the mouth of the bay and the Dun- 
bar Street (DS) pier located near the mouth of the JR (Fig- 
ure 1). Sampling was conducted once monthly for 3 months 
(November 2013 through January 2014) at each location. 
The WS location was sampled and processed first, the DS 
location was sampled 2 days later. 

All incubation bottles, filtration flask, and filter holders 
used in the study were washed with 10% HCl and triple 
rinsed with nanopure water. Sampling carboys were triple 
rinsed with BSL water prior to filling. On sampling days, 
50 L of surface water was collected and environmental pa- 
rameters (temperature (°C), salinity, turbidity (formazine 
turbidity units, FTU)) were measured using an In—Situ® 
Multi—Parameter Troll 9500 WOQP—100 (In—Situ Inc.) pro- 
filing device. After returning to the laboratory, the water 
sample was filtered through 200 tum mesh to remove the 
larger zooplankton and detritus. 

Initial samples were taken from the carboy for analysis 
of pigment composition (ug/L), nutrient concentrations 
(uM), particulate organic carbon (POC; mg/L), and particu- 
late nitrogen (PN; mg/L). Triplicate whole seawater samples 
(WSW) were prepared in 2 L trace metal—clean polycarbon- 
ate bottles (Fitzwater et al. 1982). The bottles were soaked 
in Micro—90 cleaning solution (Sigma Chemical Company) 
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for a total of 5 days, rinsed with nanopure water, soaked for 
2 days in nanopure water, and finally soaked in 10% HCL 
to ensure removal of trace metals. A carboy containing 26 
L of WSW was spiked with nutrients to a final concentra- 
tion of 16 uM NO, and1.6 uM PO,”. Particle free seawater 
(PFSW) was prepared by filtering half the spiked sample 
through a 142 mm diameter Gelman A/E glass fiber filter 
followed by filtration through a 0.2 um Whatman POLY- 
CAP TC filter capsule to ensure removal of all organisms 
(Li and Dickie 1985). The dilution series included triplicates 
of 100%, 70%, 40%, and 10% WSW diluted with PFSW. 
The bottles were incubated for 24 h at in situ temperature 
in a Sanyo MLR—351H plant growth chamber using a 12:12 
light:dark cycle. The light levels in the incubators were mea- 
sured to be about 300 micromoles quanta/m’/sec using a 
Biospherical Instruments, Inc. QSL—100 Quantum Scalar 
Photosynthetically Available Radiation (PAR) Irradiance 
Sensor. Incubator conditions were monitored throughout 
the experiment using an Onset HOBO Data Logger with 
temperature and PAR sensors. 


HPLC Analysis 

For pigment analysis, about 350-1600 mL of sample was 
filtered onto 47 mm Whatman GF/F filters, then placed 
into a cryotube, and stored in liquid nitrogen until HPLC 
analysis. Prior to HPLC analysis, samples were freeze dried 
to remove excess water, which allowed for better extraction 
of the pigments (Hagerthey et al. 2006). Pigments were 
then extracted from the filters overnight in 90% acetone 
and filtered through a 0.2 pm PTFE syringe filter to re- 
move particles. A 1:1 mixture of extracted sample and ion 
pairing agent (IPA: 0.5 M Ammonium Acetate at pH 7.2) 
was prepared for injection. The HPLC method of Wright 
et al. (1991) was used for detection of pigments using an 
Alltech Alltima High Purity C—18 column on a Waters 600 
Controller and Pump HPLC connected to a Waters 2996 
Photodiode Array Detector. The method was modified as 
follows: solvent B was changed to 100% acetonitrile with 
0.01% 2,6—di—tert-—butyl—4—methylphenol. The external 
standard equation of Mantoura and Repeta (1997) was used 
to calculate pigment concentration of the sample. 


Particulate Organic Carbon and Nitrogen Analysis 

About 50 mL of WSW was filtered onto a combusted 
(450°C, 6 h) 21 mm Whatman GF/F filter for the determi- 
nation of POC and PN. The samples were dried (60°C, 24 
h), folded and placed into tin boats, and analyzed using a 
Costech ECS 4010 elemental analyzer. The concentration 
of the sample was determined from a standard linear regres- 
sion using acetanilide constructed for each run of 3 runs 


(r’ ranged from 0.998—0.999 for N and 0.999—1.00 for C). 


Nutrient Analysis 
About 50 mL of sample were filtered through a pre— 
rinsed Whatman 25 mm GF/F filter for nutrient analysis. 


The filtrate was stored frozen (—4°C) in acid cleaned (10% 
HCL) 250 mL polyethylene sample bottles until analysis. 
Samples were analyzed fluorometrically (nitrogen species) 
and colormetrically (PO,- and Si(OH),) using an Astoria Pa- 
cifica A2+2 nutrient auto—analyzer (Method #A179, A027, 
A205, and A221; Astoria—Pacific International, Oregon 
USA). 


Calculations 

Growth and grazing rates (/d) of pigments were calculat- 
ed based on the method of Landry et al. (1995). The appar- 
ent growth rate (k) is defined as growth in the incubation 
bottles in the presence of grazing pressure and calculated 
by: k = (/t)In[N yA (N, x D)], where N. and N, are the final 
and initial pigment concentrations (ug/L), respectively, D 
is the proportion of WSW, and t is duration of incubation 
(h). The grazing rate (m) was calculated as the slope of the 
model II regression between k and dilution factor; if the 
slope was not significantly different from zero (p > 0.05), 
then m was assumed zero (O/d). The intrinsic growth rate 
(11.), growth in the absence of added nutrients and grazing, 
was calculated as k in non—diluted, non—nutrient amended 
bottles plus grazing rate (u|= k + m). The nutrient—replete 
growth rate (1, defined as growth in the presence of added 
nutrients and absence of grazing) was estimated as the Y— 
axis intercept of the linear regression (model II) between 
k (y axis) and dilution factor (D), for cases when the slope 
of the regression was significantly different from zero (p < 
0.05). When the slope of the regression was not significantly 
different from zero, }1, was calculated as the mean k of all 
nutrient—replete dilutions. 

Nutrient limitation was explored using the Nutrient Lim- 
itation Index (NLI; Landry et al. 1998). This metric is the 
ratio of the growth rate in the absence of nutrients (11) to 
the growth rate in the presence of nutrients (y1,). When NLI 
is <1, the phytoplankton class is considered to be nutrient 
limited during the incubation. 


Statistics 

Significance and the 95% confidence interval of the 
model II (standard major axis: SMA; one-tailed; 99 per- 
mutations) regression were determined using the Imodel2 
package in the statistical program R (Legendre 2008; R 
Core Team 2013). To compare growth and grazing rates to 
selected measured environmental parameters, a Spearman 
correlation (r,, two—tailed; HO: There is no association be- 
tween the two variables) was performed using SPSS v22. 


RESULTS 

Conditions in the Bay 

Temperature at all sampling locations ranged from 4.8— 
15.4°C, while salinity ranged from 10.9—23.1 (Table 1). In- 
organic nitrogens (NO,, NO,, and NH,) were low during 
all samplings (< 2 pM). Chlorophyll a ranged from 4.2—9.7 
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TABLE 1. Measured environmental conditions (mean + sd) at the Washington St. (WS) location and the Dunbar St. (DS) location. 


FTU = formazine turbidity units. 


Temp Turbidity 
Site Date (°C) Salinity (FTU) C:N 
WS 11 Nov2013 15.4 BF Te 77#OR 
10 Dec 2013 R25 23.1 29 Ode O53 
09 Jan 2014 4.8 13.6 6.6 iA ae VS 
DS 14 Nov 2013 10.8 17.6 25.8 9.5+0.2 
12 Dec 2013 10.8 10.9 19.7 92 = NZ 
13 Jan 2014 10.7 10.9 2 8.4+0.8 


ug/L, being highest on 12 December 2013 and lowest on 11 
November 2013. 

A total of 6 marker pigments were identified in the sam- 
ples (Table 2). Fucoxanthin was found at the highest concen- 
tration indicating the bay was diatom dominated (Figure 2). 
Peridinin and alloxanthin were also prevalent, indicative of 
dinoflagellates and cryptophytes. Chlorophyll b was found 
in low concentrations (range 0O—0.71 pg/L), whereas lutein 
and prasinoxanthin were often present at very low concen- 
trations (< 0.13 pg/L). This made it impossible to examine 


TABLE 2. Diagnostic pigments used in this study. 


Pigment Abbreviation Taxonomic Group 
Peridinin Per Dinoflagellates 
Fucoxanthin Fuc Diatoms 

Zeaxanthin Zea Cyanobacteria 
Alloxanthin Alx Cryptophytes 
Chlorophyll b Chl b Green Algae 
Chlorophyll a Chl a All photosynthetic groups 


chlorophytes and prasinophytes separately and they were 
therefore grouped as green algae. Zeaxanthin was detected 
during November indicating the presence of cyanobacteria. 


Growth and grazing rates 

The phytoplankton community (measured as chl a) had 
nutrient—replete growth rates (u,) that ranged from 0.14— 
0.79/d (Tables 3 and 4). The intrinsic community growth 
rates (1,) ranged from —O.11 to 0.44/d and were always 
lower than or similar to the nutrient replete growth rates 
(u,). The lowest growth rates (u, and u,) were observed on 
14 November 2013 and the highest were observed on 11 
November 2013. Significant grazing (m) at the community 
level (chl a) was observed only during three of the samplings 
(Tables 3 and 4; range 0—0.49/d). During the three sam- 
plings in which significant grazing on the community (chl 
a) was observed, grazing rates were lower than or similar to 


NO, NO, NH, PO, SiO, Chl a 
(pM) (pM) (pM) = (pM) (pM) (pg/L) 
0.03 0.17 0.23 0.71 3755 4.25+0.08 
0.05 0.35 1.77 0.52 2862 5.14007 
0.04 0.25 1.60 1.02 50.33 72+ 0.15 
0.02 0.19 0.31 0.70 39.94 70 +0.1 
0.07 1.27 0.56 0.11 6054 974017 
0.09 0.61 0.63 088 6678  5.0+0.19 


nutrient—replete growth rates (1, ). 

The nutrient—replete growth rate (u,) for marker pig- 
ment classes at the WS location ranged from 0-1.0/d (Table 
3). Diatoms (fucoxanthin) had the highest growth rates (1, ) 
in November and December (1.01 and 0.93/d, respective- 
ly); while in January diatoms and green algae had similar 
rates (0.36 and 0.33/d, respectively). The intrinsic growth 
rates (1), estimated using marker pigments, ranged from 
0O—0.73/d and varied for all pigment classes (Table 3). The 
intrinsic growth rates (1,) were less than or similar to the 
nutrient replete growth rates, except for alloxanthin during 
December, when 1, (0.73/d) was greater than p, (0.58/d). 

The growth rates observed at the DS location often 
showed extreme nutrient limitation (NLI < 1), which var 
ied by pigment class. The nutrient—replete growth rate (1, ) 
ranged from 0—0.67/d at the DS location (Table 4). Large 
negative intrinsic growth rates were observed for peridinin 
and alloxanthin (0.46 and —0.32/d, respectively) in De- 
cember due to nutrient limitation within the incubation 
bottle. 

Grazing rates (m) for marker pigment classes ranged from 
0-0.88/d during the study (Tables 3 and 4). Selective graz- 
ing on specific pigments was observed in 5 out of 6 experi- 
ments. In one experiment significant grazing was observed 
for all marker pigment classes (11 November 2013 sampling, 
WS). In another experiment (12 December 2013; DS) no 
significant grazing was observed for any marker pigment. 


Possible Controls on Phytoplankton Growth and 
Microzooplankton Grazing 

Three possible controls of phytoplankton growth and 
microzooplankton grazing were explored to gain an under 
standing of these processes: nutrient limitation during the 
incubation, coupling between growth and grazing rates, and 
correlations with measured environmental variables. Nutri- 
ent limitation during the incubation was observed during 
all experiments based on the NLI (Tables 3 and 4). The large 
values in the table are due to nutrient—replete growth rates 
(11) close to O/d and large negative values for 1). Alloxan- 
thin in January at the WS location had no NLI value due 


to p= O/d. 
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FIGURE 2. Mean (+ sd) marker pigment and chl a concentrations of the Bay of St. Louis for the Washington Street (A) and Dunbar Street (B) sampling 
locations during all sampling periods. Per = peridinin, Fuc = fucoxanthin, alx = alloxanthin, Zea = zeaxanthin, Chl b = chlorophyll b, Pras = prasinoxanthin, 


Chl a = chlorophyll a. 


A reported mechanism to explain selective grazing of mi- 
crozooplankton on the phytoplankton community is that 
microzooplankton selectively graze on the phytoplankton 
classes which demonstrate the highest growth rates. The in- 
trinsic growth rate (4) was significantly correlated to graz- 
ing rates at the WS location (r, = 0.698, p = 0.003) and the 
DS location (r, = 0.773, p < 0.001; Figure 3). The nutrient— 
replete growth rate was not correlated with the grazing rates 
at either location. To determine if microzooplankton grazed 
on phytoplankton classes that experienced the least amount 
of nutrient limitation, grazing rates were compared to NLI. 
The NLI was correlated to grazing rates only at the DS loca- 
tion (r= 0.873, p = 0.001; Figure 3B). The negative values 
obtained for the nutrient limitation index were removed 
from this analysis since they were a product of the calcula- 
tion and are not an accurate measure of the phytoplankton 
dynamics. A comparison of biomass (ug/L of pigment) and 
grazing rates showed no correlation (p > 0.05) indicating 
that phytoplankton classes were not selectively grazed due 
to high abundance. 

Measured environmental conditions at the time of sam- 
pling were correlated to some phytoplankton pigment class- 
es. Peridinin and alloxanthin growth and grazing rates were 
shown to be correlated significantly with salinity of the bay 
(Table 5; for peridinin r, = 0.899 for p1,, r, = 0.841 for p, and 
r= 0.941 for m; for alloxanthin r, = 0.986 for p, and 0.955 
for m; all p < 0.05). The correlation analysis also showed 
that silicate was correlated inversely to salinity within the 
BSL (r, = —0.986, p < 0.01 data not shown). Nutrient—re- 
plete growth rates and grazing rates for alloxanthin were 


also correlated significantly with temperature (Table 5, r, = 
0.899 for p and 0.832 for m; both p < 0.05). Fucoxanthin 
and chl a nutrient—replete growth rates were correlated in- 
versely (r. = —0.829, p < 0.05) to the C:N ratio of particulate 
organic matter at the time of sampling. 


DiscussION 

This study demonstrated that microzooplankton grazing 
and environmental conditions may play an important role 
in controlling phytoplankton composition in the BSL. Nu- 
trient limitation was observed during 5 out of 6 of the sam- 
plings, as evident by higher growth rates in nutrient replete 
incubation bottles and the low observed nutrient concentra- 
tions. Microzooplankton grazers selected the phytoplankton 
classes that had the highest intrinsic growth rate, therefore 
exerting a degree of control on phytoplankton composition. 
Growth and grazing rates of cryptophytes (alloxanthin) and 
dinoflagellates (peridinin) were correlated with measured 
environmental parameters (e.g. salinity, silicate, and tem- 
perature) indicating the importance of fresh water inflow in 
controlling phytoplankton composition. 

The community growth rates (chl a) were similar to rates 
measured in other Gulf of Mexico estuaries: the Suwan- 
nee River estuary in Florida (Jett 2004) and Mobile Bay in 
Alabama (Lehrter et al. 1999; Ortmann et al. 2011). The 
growth rates were also similar to those found in estuaries 
in other regions (Murrell and Hollibaugh 1998; Calbet and 
Landry 2004; York et al. 2010), Calbet and Landry (2004) 
summarized results from dilution experiments in 66 studies 
from coastal, oceanic, and estuarine habitats and found that 


in estuarine systems the mean community (chl a) growth 
rate was 0.97 + 0.07/d and the mean grazing rate was 0.53 
+ 0.04/d (n=136). The rates measured during the current 
study only included winter samplings, which may explain 
why the rates observed were lower than those observed in 
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other studies. It is expected that summer growth and graz- 


ing rates would be higher than winter rates due to seasonal 


TABLE 3. Pigment specific regression statistics, growth/grazing rate, and nutrient limitation index 
(NLI; p /p_) for the Washington Street location. 


Pigment 


11 Nov 13. Chlorophyll a 


10 Dec 13 


09 Jan 14 


Modell Il regression, ** shows significance at p < 0.01, * shows significance at p < 0.05. m = grazing 
rate, p_ = nutrient replete growth rate, p 


n 


TABLE 4. Pigment specific regression statistics, growth/grazing rate, and nutrient limitation index (NLI; 


Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll b 
Chlorophyll a 
Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll b 
Chlorophyll a 
Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll b 


Model r? 


O72 ** 
0.73** 
0,50** 
0.58** 
0:87 ** 
0.67** 
0.09 

0.49** 
0.13 


0.40* 
0.08 
O32 
Ors2*" 
0.44** 
0 
0.63* 


p/p) for the Dunbar Street location. 


Pigment 


14 Nov 13. Chlorophyll a 


12 Dec 13 


13 Jan 14 


Modell Il regression, 
rate, p= nutrient replete growth rate, p= apparent growth rates, Cl = confidence interval 


Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll 5 
Chlorophyll a 
Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll 5 
Chlorophyll a 
Peridinin 
Fucoxanthin 
Zeaxanthin 
Alloxanthin 
Chlorophyll 5 


** 


Model r? 


0.14 
0.45** 
0.24 
0:58** 
0.08 
0:58" * 


m/d 
(95% Cl) 


0.49 (0.34, 0.70) 
0.61 (0.43, 0.87) 
0.52 (0.31, 0.83) 
0.32 (0.20, 0.49) 
0.65 (0.51, 0.83) 
0.53 (0.36, 0.79) 
0 

0.37 (0.23, 0.60) 
0 


0.88(0.52, 1.48) 
@) 

0.21 (0.06, 0.93) 
0.13 (0.08, 0.21) 
0.28 (0.17, 0.47) 
0 

0.47 (0.31, 0.71) 


m/d 
(95% Cl) 


0 

0.34 (0.20, 0.58) 
0 
e) 

0.35 (0.22, 0.54) 
0 


@) 
e) 
0 
0 
0 
0.49 (0.30, 0.82) 
0 
0.53 (0.34, 0.82) 


0 
0.59 (0.37, 0.94) 


p,/d 
(95% Cl) 


0.79 (0.71, 0.91) 

0.60 (0.50, 0.74) 
1.01 (0.89, 1.17) 

0.81 (0.74, 0.91) 

0.70 (0.62, 0.80) 
0.87 (0.77, 1.01) 

0.69 (0.61, 0.77) 
0.44 (0.36, 0.57) 
0.93 (0.84, 1.01) 

0.58 (0.38, 0.91) 
0.57 (0.47, 0.67) 
0.25 (0.23, 0.37) 
0.07 (0.04, 0.11) 

0.36 (0.30, 0.46) 
@) 

0.33 (0.24, 0.46) 


p,/d 
(95% Cl) 


0.14 (0.10, 0.18) 
0.27 (0.19, 0.40) 
O2192(0215,- 0-23} 
0.12 (0.08, 0.15) 
0.39 (0.32, 0.50) 
0.23 (0.17, 0.28) 
0.50 (0.45, 0.59) 


0.67 (0.59, 0.76) 


p/d NII 
0.35 0.44 
0.23 0.39 
0.53" 0:53 
O:73° ~ 0:9 
0.34 900.49 
052; — 0°59 
0.11 0.16 
0:24 0.56 
0.32 0.35 
0:73 1.26 
O113— 0.24 
0.21 0.77 
0.02 0.4 
0.31 0.87 
—0.06 
0.33 1.01 


= apparent growth rates, Cl =Confidence Interval 


—0.01 (—0.08, 0.05) —0.46 


0.02 (—0.06, 0.10) —0.32 


0.46 (0.38, 0.54) 
0.47 (0.36, 0.65) 
025 (017,033) 

0.54 (0.44, 0.70) 


0.25 (0.07, 0.43) 
0.57 (0.45, 0.76) 


6 


p/d NLI 
Om) 20:8 
Orie #0s77 
-0.01 -0.07 
0.03 0.26 
0.16 0.41 
~0.04 -0.17 
0.13 0.27 

36.27 
0.34 0.51 

-15.89 
0.07 0.15 
0.44 0.94 
0.07 0.31 
0.52 0.97 
-0.11 -0.44 
0.56 0.99 


shows significance at p < 0.01, * shows significance at p < 0.05. m = grazing 


factors; this has been shown in other studies at multiple lo- 
cations (Strom et al. 2001; Gutierrez—Rodriguez et al. 2011; 
Lawrence and Menden—Deuer 2012). The low ambient nu- 
trient concentration in the BSL is likely also a factor in the 
low rates observed where nitrogen limitation was suggested. 

Even though fucoxanthin was always the dominant pig- 
ment, it was not always the pigment with the highest growth 


rate. This finding indicates that some 
mechanism controls the biomass of 
the fastest growing classes, which in 
this study was shown to be selective 
grazing by microzooplankton and 
environmental factors (e.g. salin- 
ity, silicate, and temperature). The 
strong correlation between intrinsic 
growth and grazing rates suggested 
that microzooplankton play a large 
role in controlling phytoplankton 
biomass, but only for certain phyto- 
plankton classes. This correlation 
between rates demonstrates the 
strong ecological coupling between 
these two groups of organisms and 
has been demonstrated in numerous 
studies, including this one (Burkill 
et al. 1987; Strom and Welschmeyer 
1991; Latasa et al. 1997; Murrell et 
al. 2002). When the phytoplankton 
in this study were supplemented with 
nutrients this ecological coupling ap- 
peared to break down as evidenced 
by the lack of correlation between 
nutrient replete growth rates and mi- 
crozooplankton grazing rates. 

The connection between top— 
down and bottom—up controls on 
phytoplankton biomass was previous- 
ly noted in Pensacola Bay, FL, anoth- 
er Gulf of Mexico estuary Juhl and 
Murrell 2005). In Pensacola Bay, the 
intrinsic growth rates (4) of the phy- 
toplankton were matched by equal 
grazing rates due to nutrient limita- 
tion of the phytoplankton commu- 
nity. In the BSL, grazing rates were 
higher than intrinsic growth rates (1,) 
for 38.4% of pigments tested. Nutri- 
ent—replete growth rates (1,) proved 
to be variable in relation to grazing 
rates. Negative and zero p, were ob- 
served when grazing rates were O/d 
during 66.6% of the experiments; 
this was also observed in Long Island 
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FIGURE 3. Relationship between grazing rates and intrinsic growth rates (yo), nutrient replete growth rates (yn), and nutrient limitation index (NLI) at the 
Washington Street (A) and Dunbar Street (B) locations. Per = peridinin, Fuc = fucoxanthin, alx = alloxanthin, Zea = zeaxanthin, Chl b = chlorophyll b, Pras 
= prasinoxanthin, Chl a = chlorophyll a. r_, Spearman Rank Order Correlation. 


Sound, New York and Tuggerah Lake, Australia (York et 
al. 2010; Sanderson et al. 2012). When nutrient limitation 
was minimal in the BSL, growth and grazing rates became 
more similar to one another, suggesting that nutrient limita- 
tion played a large role in controlling phytoplankton com- 
position. Non—significant grazing was also more frequently 
observed at the DS location (69.2% vs. 23% of test), which 
suggests that the Jourdan River may decouple microzoo- 
plankton from their phytoplankton prey. This may be due 


to the hydrodynamics of the river mouth, lowered salinity, 
low residence time, and/or higher turbidity. 

The correlations between salinity and growth/grazing 
rates for peridinin and alloxanthin suggested that river 
flow was a factor in controlling the dynamics of these two 
phytoplankton classes. The data in this study suggest that 
during times of low river flow (high salinity) or when sam- 
pling further from the JR, dinoflagellates and cryptophytes 
grew faster and were grazed at a higher rate than the other 
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TABLE 5. Significant correlations (r, , Spearman Rank Order Correlation; 
p < 0.05) between growth rate (y) or grazing rate (m) with measured 


environmental parameters (n=6). 


Environmental 
Pigment Rate Parameter r. 
Peridinin m Salinity 0.941 
U, Salinity 0.899 
U. Salinity 0.841 
Alloxanthin m Temperature 0.832 
m Salinity 0.955 
U, Salinity 0.986 
v. Temperature 0.899 
Fucoxanthin U. C:N —0.829 
Chl b U. Chl a (pg/L) —0.829 
U, Chl a (pg/L) —0.829 
Chl a U. C:N —0.829 


phytoplankton taxa. In Galveston Bay a greater biomass of 
diatoms was observed near the riverine inputs while dino- 
flagellates were found in areas of the bay where hydrologic 
displacement or nutrient loading from the river were not 
important (Dorado et al. 2015). Previous studies in the 
BSL have shown that the DIN concentrations were high- 
est during times of high river flow (Sawant 2009; Cai et al. 
2012; Camacho et al. 2014). As discussed by Dorado et al. 
(2015), it is possible that diatoms utilize these nutrient in- 
puts, while they may be unimportant to dinoflagellates and 
cryptophytes since these organisms may be able to utilize 
alternative methods to acquire nutrients (i.e., mixotrophy, 
phagotrophy). Mesocosm studies of estuarine phytoplank- 
ton communities have shown that phytoflagellates were 
more abundant in static waters than waters which were be- 
ing actively mixed, supporting hydrologic displacement as a 
factor adversely affecting cryptophytes and dinoflagellates 
(Pinckney et al. 1999). Further studies are needed in the 
BSL to further understand the correlation between river 
flow and growth/grazing rates. 

The lack of correlation between ambient nutrient con- 
centrations and phytoplankton growth during the current 
study is interesting, but not surprising, given the small sam- 
ple number (n=6). Given the low ambient nutrient concen- 
trations in the BSL it is likely that any new nutrients put 
into the system will be readily taken up by the phytoplank- 
ton community. Therefore, ambient nutrient concentration 
may be a misleading parameter for relating nutrients to phy- 
toplankton growth. It may be more important to measure 
nutrient concentrations entering the system (i.e. from the 


Jourdan River). The difference in growth rates between the 
intrinsic and nutrient—replete growth rates supports that 
the community was most likely nutrient deficient and gives 
a better idea of the effects of nutrients on this population. 

Many of the experiments in this study had slopes of ap- 
parent growth rate vs. dilution factor regressions that were 
not different significantly than zero, indicating no measur 
able grazing. This result has been observed in many stud- 
ies using the dilution method in a variety of environments 
(Landry and Hassett 1982; Landry et al. 1984; Paranjape 
1987; Gifford 1988; Kamiyama 1994; Murrell and Hol 
libaugh, 1998; Kim et al. 2007; York et al. 2010). Non—sig- 
nificant grazing has been attributed to high variability in the 
method due to the small sample number used in the dilu- 
tion series (Schmoker et al. 2013). It has been suggested that 
the high variability masks low grazing rates. The data from 
the current study suggested that the 0/d grazing rates were 
the result of a decoupling between phytoplankton growth 
and microzooplankton grazing, possibly due to environmen- 
tal factors such as temperature and/or river flow affecting 
the growth of the phytoplankton. It has been suggested 
that when phytoplankton lack the nutritional compounds 
required for grazers, growth and grazing can become un- 
coupled since the phytoplankton are no longer a viable food 
source for the microzooplankton (Murrell and Hollibaugh 
1998; Strom 2002). Given the small sample number in the 
current study, more information is needed to further exam- 
ine the effect of environmental parameters on grazing rates. 

In summary, this study investigated how phytoplankton 
growth rates, microzooplankton grazing rates, and environ- 
mental conditions affected phytoplankton composition in 
the BSL, MS, in the northern Gulf of Mexico. We observed 
very low and often negative intrinsic growth rates (1,), selec 
tive grazing (m) by the microzooplankton community, and 
extensive nutrient limitation of the phytoplankton commu- 
nity. The low growth rates observed are likely attributable 
to the season which the study was conducted (winter/fall). 
Even though fucoxanthin was the most abundant pigment, 
microzooplankton grazed on the phytoplankton pigment 
classes which had the highest intrinsic growth rate in the 
BSL at the time of sampling. We also observed salinity in- 
fluence on growth and microzooplankton grazing rates on 
only two pigment classes of dinoflagellates (peridinin) and 
cryptophytes (alloxanthin). These factors together have been 
shown to influence the composition of the phytoplankton 
community in the BSL. 
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ABSTRACT: Mesopelagic fishes represent significant ecological links between mesozooplankton and the larger pelagic squids, fishes, and marine 
mammals. As such, these fishes also play a significant role as intermediate or paratenic hosts for parasites that require a crustacean intermediate 
host and mature in marine mammals or pelagic fishes. We examined a total of 208 individuals representing 5 species of Sternoptychidae and 88 
individuals representing 2 species of Phosichthyidae from 20 locations in the northern Gulf of Mexico (nGOM). Six of the 7 species we examined 
are mesopelagic and one species was benthopelagic. We found the larval stages of Anisakis brevispiculata, Anisakis typica, Hysterothylacium 
fortalezae (all Nematoda: Ascaridoidea); Bolbosoma sp. (Acanthocephala: Polymorphidae); and Tetraphyllidea (Cestoda) plus an immature 
specimen of Brachyphallus sp. (Digenea). Molecular sequencing was used to identify the ascaridoids and Bolbosoma sp. and to confirm the 
identification of 3 host sternoptychid species. The mesopelagic fishes hosted Anisakis brevispiculata (that matures in pygmy and dwarf sperm 
whales) and Hysterothylacium fortalezae (that matures in pelagic fishes, primarily mackerels), whereas the benthopelagic species was parasitized 
by Anisakis typica (that matures in dolphins). We suggest this pattern of infection indicates a pelagic life-cycle for Anisakis brevispiculata and 
Hysterothylacium fortalezae and a demersal life—cycle for Anisakis typica. Our study represents the first published sequences from the nGOM for 
the fishes Argyropelecus aculeatus, Maurolicus weitzmani, and Polyipnus clarus and the first molecular identification of larval ascaridoids from 


mesopelagic fishes in the nGOM. 


KEYWORDS: Anisakis, Hysterothylacium, marine mammals, Phosichthyidae, Sternoptychidae 


INTRODUCTION 

Mesopelagic fishes represent significant ecological 
links between mesozooplankton and the larger pelagic 
squids, fishes, and marine mammals (e.g., Pauly et al. 
1998, Choy et al. 2013, Young et al. 2015). Members of 
the orders Stomiiformes and Myctophiformes account for 
the vast majority of such fishes (Bernal et al. 2015). Most 
parasitological studies of midwater fishes have revealed larval 
or juvenile stages of helminths that mature in large pelagic 
fishes and marine mammals rather than adult helminths 
(e.g., Noble and Collard 1970, Gartner and Zwerner 1989, 
Mateu et al. 2015). Typically, larval or juvenile stages of 
trematodes (that mature in fishes), cestodes (that mature in 
elasmobranchs), acanthocephalans (that mature in fishes and 
marine mammals), and nematodes, especially ascaridoids, 
have been reported (e.g., Noble and Collard 1970, Gartner 
and Zwerner 1989, Klimpel et al. 2006, 2010, Mateu et al. 
2015); 

The life—cycle of marine ascaridoids involves a crustacean 
first intermediate host and a vertebrate final host. Typically, 
members of the Raphidascarididae mature in teleosts, 
whereas those of Anisakidae mature in marine mammals. 
The crustacean first intermediate host is generally a 
copepod, but euphasiids serve as important intermediate 
hosts for species of Anisakis (see Smith and Wooten 1978). 
Larval ascaridoids commonly infect fishes and invertebrates 
that serve as paratenic, or transfer hosts (hosts that are not 
required for the development of the parasite). The use of 
these paratenic hosts acts as an adaptation to overcome the 
challenges of reaching appropriate final hosts in oceanic 


environments (Marcogliese 1995), and has led to the utility 


of ascaridoids as biological tags for fishes (Mattiucci et al. 
2008) and trophic interactions (Palm and Klimpel 2008). 
The use of paratenic hosts also has public health implications 
for certain fisheries products because of the zoonotic (can be 
passed from animal to human) potential of some ascaridoids, 
especially those that mature in marine mammals (species of 
Anisakis and Pseudoterranova; see Sakanari and McKerrow 
1989), but also some that mature in fishes (Overstreet and 
Meyer 1981, Overstreet 2012). 

Despite the potential human health risk associated with 
some ascaridoids, the Gulf of Mexico (GOM) is poorly char 
acterized with respect to the intermediate and paratenic host 
use patterns of those nematodes. Kuhn et al. (2011) modeled 
the geographic range of 9 species of Anisakis but did not in- 
clude data for the GOM presumably because species of Ani- 
sakis were reported under junior synonyms, incomplete lar 
val names, misidentifications, or they lacked molecular data 
(e.g, Gunter and Overstreet 1974). Cavallero et al. (2011) 
surveyed stranded cetacean hosts from the eastern GOM 
(eGOM), southeastern U.S. Atlantic coast, and Caribbean 
Sea and reported the presence of 7 species of Anisakis, Pseu- 
doterranova ceticola, and larvae of Contracaecum multipapilla- 
tum (exclusively from inshore populations of the common 
bottlenose dolphin, Tursiops truncatus). However, the highly 
migratory nature of most marine cetaceans and the varied 
geographic stranding localities examined by Cavallero et al. 
(2011) do not provide a clear picture of the richness of Anisa- 
kis species in the northern GOM (nGOM). 

The purpose of this study was to document larval ascari- 
doids as well as other endohelminths in stomiiform fishes 
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that were incidentally caught in bottom trawl surveys along 
the nGOM outer continental shelf and continental slope. 
We examined 5 mesopelagic species (the Atlantic Sliver 
Hatchetfish, Argyropelecus aculeatus; the Silvery Hatchet 
fish, Argyropelecus sladeni; the Atlantic Pearlside, Maurolicus 
weitzmani; the Slope Hatchetfish, Polyipnus clarus (all Ster- 
noptychidae); and the Stareye Lightfish, Pollichthys mauli 
(Phosichthyidae)) and one benthopelagic species (the Ren- 
dezvous Fish, Polymetme corythaeola (Phosichthyidae)) for 
helminths. Morphological identification of larval ascari- 
doids to species level is generally problematic (e.g., Zhu et al. 
1998, Mattiucci and Nascetti 2006, Mattiucci et al. 2014); 
therefore, we molecularly genotyped the 28S and internal 
transcribed spacer region (ITS; = ITS1, 5.88, and ITS2) ri- 
bosomal DNA (rDNA) regions to confirm identifications. 


MATERIALS AND METHODS 

Sample collection 

Representative stomiiform fishes were collected from 
the nGOM by bottom trawl as a part of the NOAA—Fish- 
eries Southeast Small Pelagic Survey in 2011-2012. Trawls 
were towed for 30 min and depths (m) at the end of trawl 
were recorded. Following capture of fishes, we identified 
and froze them at —20°C while on ship. We examined 208 
individuals representing 5 species of Sternoptychidae and 
88 individuals representing 2 species of Phosichthyidae 
from 20 locations (Figure 1A). In the laboratory, hosts 
were defrosted at 1-3°C, identifications confirmed using 
the keys developed by McEachran and Fechhelm (1998), 
measured (nearest mm SL), weighed (nearest 0.01 g), and 
sexed. The visceral organs and gastrointestinal tract of all 


TABLE 1. Gulf Coast Research Laboratory museum (GCRLM) and GenBank accession 


numbers for vouchers treated in this study. 


GenBank Accession No. 


Taxon GCRLM No. ITS 28S 
Platyhelminthes 
Brachyphallus sp. 06551 - - 
Acanthocephala 
Bolbosoma sp. 06552 - - 
Nematoda 
Anisakis brevispiculata 06553-5 KX098557-9 KX098560 
Anisakis typica 06556 KX098561 KX098562 
Hysterothylacium fortalezae 06557 KX098563 KX098564 
Chordata 
Argyropelecus aculeatus 36551 - - 
Maurolicus weitzmani 36552 - - 
Polyipnus clarus 36553 - - 


KX098556 


KX098553 
KX098554 
KX098555 


fish were placed in a small amount of physiological saline 
and examined for helminths under a stereomicroscope. 
An initial subsample of 20 individuals each of Maw 
rolicus Pollichthys 
corythaeola, 


Polypinus  clarus, 


specimens of 


mauli, 

and® <all 
Argyropelecus aculeatus and Argyropelecus sladeni, were exam- 
ined for larval helminths in the musculature by candling. 
Candling was conducted by putting fillets between two 
glass slides and examining them by stereomicroscope; how- 


weitymant, 
and  Polymetme 


ever, no larvae were found in the musculature of any of the 
fishes examined, and the process was discontinued. Para- 
site specimens were fixed in 70% ethanol for morphological 
and molecular analyses. Nematodes were cleared in 95 parts 
70% ethanol + 5 parts gylcerol for morphological examina- 
tion. A single acanthocephalan and a single digenean were 
stained, cleared, and mounted according to the procedures 
in Andres and Overstreet (2013). Voucher specimens were 
deposited in the Gulf Coast Research Laboratory Museum 
(GCRLM), Ocean Springs, Mississippi (see Table 1 for ac 
cession numbers). 

Ecological parasitology terms follow those defined by 
Bush et al. (1997): prevalence as the percentage of fish 
infected and mean intensity of infection as the mean 
number of parasites per infected fish. The 95% confidence 
interval for prevalence was calculated using the Clopper— 
Pearson exact CI (exactci) package found in the PropCls 
library of Rv. 2.15.2 (R Core Team, 2012). 

Molecular analyses 

Genomic DNA was extracted from a middle portion of 
36 individual ascaridoids, a section of the posterior portion 
from the acanthocephalan, and a piece of muscle from a 
single individual of each sternoptychid spe- 
cies (with the exception of Argyropelecus slad- 
eni; n = 4) using Qiagen DNAeasy tissue kit 
(Qiagen, Inc., Valencia, CA, USA) following 
the instructions provided. For ascaridoids, 
DNA fragments of ca. 1,020 base pairs (bp) 
long for the 28S ribosomal DNA (rDNA) gene 
and 800 bp long comprising the ITS rDNA 
gene were amplified from the extracted DNA 
by polymerase chain reaction (PCR) follow- 
ing the procedures of Nadler et al. (2000) and 
Zhu et al. (1998), respectively. For the acan- 
thocephalan, a 668 bp partial portion of the 
mitochondrial cytochrome c oxidase 1 (cox1) 


cox! 


was amplified following Garcia—Varela and 
J Nadler (2006) and for sternoptychids, ca. 640 
bp partial portion of the coxl was amplified 
following Ward et al. (2005). See Table 2 for 
the list of primers used and their correspond- 
ing references. The resulting PCR products 
were excised from PCR gel using QlAquick 
Gel Extraction Kit (Qiagen, Inc., Valencia, 
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FIGURE 1. Sampling localities in the northern Gulf of Mexico. A. Localities of sternoptychids (triangles), phosichthyids (squares), or 
both (circles) from 2011 (tilled symbols) and (2012) (open symbols). B. Locations from which Anisakis brevispiculata were collected. 
C. Locations from which Anisakis typica (diamonds) and Hysterothylacium fortalezae (stars) were collected. D. Locations from which 
tetraphyllideans (pentagons), Bolbosoma sp. (+), and Brachyphallus sp. (white “X” overlaid a pentagon) were collected. Bathymetric 
contour lines represent 50 m, 100 m, 200 m, 300 m, 500 m, and 1,000 m. 


CA, USA) following kit instructions. They then were cy- | Sequences used for pairwise comparison were aligned us- 
cle—sequenced using ABI BigDye™ chemistry (Applied ing MAFFT version 6.611b (Katoh et al. 2005) with 1,000 
Biosystems, Inc., Carlsbad, CA, USA), ethanol—precipi- cycles of iterative refinement and the genafpair algorithm. 
tated, and processed on an ABI 3130 Genetic Analyzer™. 
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TABLE 2. PCR primers used for the various taxonomic groups and regions in this study. 


Group Region Primer Direction Annealing Temp. Reference 
Acanthocephala cox! 5'-AGTICTAATCATAARGATATYGG—3’ Forward 40°C Folmer et al. 1994 
5'-TAAACTTCAGGGTGACCAAAAAATCA—3' Reverse 
Ascaridoidea 28S 391: 5’'-AGCGGAGGAAAAGAAACTAA-3' Forward 55°C Nadler et al. (2000) 
501: 5'-TCGGAAGGAACCAGCTA- CTA—3’ Reverse 
ITS NC5: 5'-GIAGGIGAACCTGCGGAAGGATCATT-—3' Forward 60°C Zhu et al. (1998) 
NC2: 5'-TTAGTTTCTTTTCCTCCGCT-3' Reverse 
Sternoptychidae = cox] __ FishF 1: 5’-TCAACCAACCACAAAGACATTGGCAC-3' Forward 54°C Ward et al. (2005) 
FishF2: 5'-ACTTCAGGGTGACCGAAGAATCAGAA-3’ Reverse 
RESULTS lata (Anisakidae), Anisakis typica, and Hysterothylacium for- 
Host data talezae (Raphidascarididae). Of the 20 individuals of Anisa- 


Of the 5 midwater species collected, Polyipnus clarus was 
the most common (n = 156 from 11 stations) followed by the 
phosichthyid Pollichthys mauli (n = 35 from 3 stations) where- 
as 53 individuals of the benthopelagic Polymetme corythaeola 
were collected from 4 stations. Individuals of Argyropelecus 
aculeatus and Polymetme corythaeola were collected from the 
deepest depths as well as the largest depth range (see Table 
3). Individuals of both phosichthyid species tended to be 
longer and heavier than the sternoptychid species (Table 3). 
The cox] sequence of Argyropelecus aculeatus and Maurolicus 
weitzmani was identical to that of the unpublished sequence 
of Argyropelecus aculeatus (KF929623) collected from the 
slope water off Cape Hatteras and the sequence of Mau- 
rolicus weitzmani (KJ190037) from the Mid—Atlantic Bight 
(Davis et al. 2014), respectively. The cox! sequence of Polyip- 
nus clarus differed from that of the Polyipnus clarus sequence 
FJ918932 collected from the slope water of southern New 
England (DeVaney 2008) by a single purine transition. 

Genetic identification 

Three ascaridoid species were found; Anisakis brevispicu- 


TABLE 3. Host information for the species examined in this study. SL = Standard length in 


mm; g = grams; m = depth; Stations = number of stations that hosts were obtained from; + 


= number of stations that had parasitized fish. 


Taxonomic group n SLrange g m 
Phosichthyidae 

Pollichthys mauli 35 61-154 1.00-17.79 396-419 
Polymetme corythaeola 53 91-184 3.08-36.87 76-468 
Sternoptychidae 

Argyropelecus aculeatus 16 45-66 1.18-9.13 76-468 
Argyropelecus sladeni 6 25-43 0.51-2.83 336 
Maurolicus weitzmani 30 30-47 0.36-1.21 102-396 
Polyipnus clarus 156 21-57 0.33-3.85 66-430 


kis brevispiculata sequenced, one 28S genotype and 3 ITS 
genotypes were found. All differences in those genotypes 
occurred at position 177 in the ITS2, with 15 individuals 
having a guanine; 4 individuals having an adenine, and one 
individual having an ambiguous purine. The most common 
ITS genotype (KX098557) was identical to the sequence of 
Anisakis brevispiculata AY826719 of Cavallero et al. (2011). 
No intraspecific variation occurred in either gene region 
of the 6 individuals of Anisakis typica. The ITS sequences 
we generated for Anisakis typica were identical to EU327688 
(Ihiguez et al. 2009) and JQ912690 (Mattiucci et al. 2014) for 
Anisakis typica , but they differed from sequence AY826724 
by Cavallero et al. (2011) that had 3 single bp indels in the 
ITS1 at positions 125, 131, and 161. No intraspecific varia- 
tion occurred in either gene region of the 11 individuals of 
Hysterothylacium fortalezae. The 28S sequences we generated 
for Hysterothylacium fortalezae differed from the GenBank 
sequence U94760 (provided by RMO to Nadler and Hud- 
speth 1998) by a single bp indel at position 436. 

The cox! sequence generated from the acanthocepha- 
lan was 88% similar to sequence JQ040303 
for Bolbosoma balaenae (Gregori et al. 2012); 
66% similar to sequence JX442190 for Bolbo- 
soma sp. (Garcia—Varela et al. 2013); and 65% 
similar to sequence JX442189 for Bolbosoma 


Stations turbinella (Garcia—Varela et al. 2013). The cox] 
ai sequences of the latter 2 species were 84% 
similar, suggesting that the acanthocephalan 
3. 3 we collected was a species of Bolbosoma (Poly- 
E : morphidae). Morphologically, the proboscis of 
our specimen was not everted; however, it did 
poses a funnel—shaped bulb in the foretrunk. 
4 2 Parasitological data 
1 0 The prevalence of helminths was relatively 
5 4 low (Table 4). No individual of Argyropelecus 
te sladeni was infected with any helminth. In- 


dividuals of Anisakis brevispiculata were iden- 
tified from all other midwater fish with the 
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exception of Maurolicus weitymani. Anisakis typica was the 
only helminth found to infect Polymetme corythaeola, and 
was found to parasitize that host only. Maurolicus weitymani 
had the highest prevalence of Hysterothylacium fortalezae be- 
cause a single location in the western GOM (wGOM) had 
5 infected individuals. The site of infection for individuals 
of Anisakis brevispiculata was in the mesenteric lining associ- 
ated with the gonads, with the exception of 2 individuals 
in a single Polypinus clarus, where one individual occurred 
near the gonads and the other near the liver. Likewise, all 
individuals of Anisakis typica occurred in the mesenteric 
lining around the gonads, even in the single fish with an 
intensity of 2. All individuals of Hysterothylacium fortalezae 
were found in the mesenteric lining of the liver. None of the 
fish examined from the 2011 eGOM locations (east of Mo- 
bile Bay, AL; see Figure 1A) were infected with ascaridoids, 
whereas all of the 2012 sampling locations occurred in the 
eGOM, and only the southernmost location exhibited un- 
infected fish. All three ascaridoid species were found across 
the nGOM (Figure 1B-C). The depth range of fish infected 
with ascaridoids was 66-468 m for Anisakis brevispiculata, 
98-468 m for A. typica, and 212-419 m for Hysterothylacium 
fortalezae, and all but the shallowest two locations (both of 
which occurred over the Texas shelf) occurred in > 200 m 
of depth. 

The mean intensity (Table 4) for all helminths, with the 
exception of larval tetraphyllideans (Cestoda) from Polypi- 
nus clarus, was between 1.0-1.2. Tetraphyllideans were not 
identified past order, but were found in only mesopelagic 
fishes from the eGOM (Figure 1D) ranging from a depth of 
102-419 m. The single specimen of Bolbosoma sp. was found 
in the proximal portion of the intestinal tract of Maurolicus 
weitzmani from the wGOM (Figure 1D) at a depth of 186 m. 
A single immature (based on possessing adult characters but 
not being mature) specimen of Brachyphallus sp. (Digenea: 
Hemiuridae) infected the stomach of Polypinus clarus from 


the eGOM (Figure 1D) at a depth of 419 m. 


DiscUssION 
We provide the first molecular identification of anisakids 


and a species of Bolbosoma from fish in the nGOM, the first 
parasitological survey of 4 sternoptychid species and 2 phos- 
ichthyid species in the nGOM, and provide the first cox] 
sequences for sternoptychids from the GOM. We found 
the larval stages of 5 helminth taxa (Anisakis brevispiculata, 
Anisakis typica, Hysterothylacium fortalezae, Bolbosoma sp., and 
Tetraphyllidea) and an immature species of Brachyphallus. 
The presence of generalist parasite taxa in the hosts that we 
examined is similar to the findings of previous authors who 
examined midwater fishes (e.g., Noble and Collard 1970, 
Gartner and Zwerner 1989, Klimpel et al. 2007, 2008, 2010, 
Mateu et al. 2015). We found an overall low prevalence and 
mean intensity of all parasitic taxa across all host species 
examined. Polyipnus clarus had the largest number of recov- 
ered helminth taxa (4), but it also had the highest sample 
size (156). Argyropelecus sladeni was not infected with any 
helminths, but only 6 individuals were examined, and, con- 
sequently, we do not include it in the following discussion. 
All midwater species were parasitized by Hysterothylacium 
fortalezae, with Maurolicus weitymani having the highest prev- 
alence of infection (20%) for any host—parasite pair. Hystero- 
thylacium fortalezae primarily parasitizes pelagic, piscivorous 
fishes (e.g., species of Scomberomorous as well as the Leath- 
erjacket, Oligoplites saurus; Deardorff and Overstreet 1980), 
but those authors also reported adults from the Black Grou- 
per, Mycteroperca bonaci. Our finding of Hysterothylacium 
fortalezae parasitizing midwater fishes rather than the ben- 
thopelagic Polymetme corythaeola is likely indicative of those 
fishes acquiring an infection while feeding on epipelagic 
crustaceans. Deardorff and Overstreet (1981) described lar- 
vae that they attributed to Hysterothylacium fortalezae from 
the viscera of coastal and offshore pelagic fishes (3 species 
of Anchoa, 2 species of Peprilus, and the Atlantic Cutlassfish, 
Trichiurus lepturus) but also from a penaeid shrimp and the 
structure—associated Black Sea Bass, Centropristis striata (as 
C. melana). However, the demersal species they found to be 
infected with Hysterothylacium fortalezae larvae have pelagic 
life—history stages that could have allowed those species to 
acquire their infection before settling. Most of the locations 
Overstreet and Deardorff (1981) sampled occurred in shal- 


TABLE 4. Percent prevalence (P) with 95% confidence interval and mean intensity of infection (I; + SE) for the parasitic taxa of the 4 mesopelagic (M) hosts 


and one benthopelagic (B) host. 


Host Zone Tetraphyllidea Anisakis brevispiculata Anisakis typica Hysterothylacium 
fortalezae 

P I P I P I P I 
Pollichthys mauli M 6 (0.7-19.2) 1 14 (4.8-30.3) 1 0 - 3 (0.1-14.9) 1 
Polymetme corythaeola B 0) - @) - 9 (3.1-20.7) 1.2+0.2 0) - 
Argyropelecus aculeatus M ) - 13 (1.6-38.3) 1 O - 6(0:2-302] | 
Maurolicus weitzmani M 5 (0.1-24.9) 1 0) . @) 2. 2017.8-38:6) 1.2:40:2 
Polyipnus clarus M 2:(O34 5.2) 7 E19 8 (4.0-13.1) 1.1 40.1 O - 1 (0.2-4.6) ] 
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low water where trophic interactions between demersal and 
pelagic organisms are more likely to have occurred. 

Anisakis brevispiculata parasitized all midwater fish spe- 
cies with the exception of Mycteroperca weitymani and was the 
most numerous of all examined nematodes. One individual 
each of Argyropelecus aculeatus and Polypinus clarus had a co— 
infection of Hysterothylacium fortalezae and Anisakis brevispicu- 
lata. Pygmy and dwarf sperm whales (Kogiidae) serve as the 
final hosts for Anisakis brevispiculata (Mattiucci et al. 2001, 
Cavallero et al. 2011) and feed primarily on squids and to a 
lesser degree on mesopelagic fishes (Pauly et al. 1998). How- 
ever, Mattiucci et al. (2001) reported that the demersal Mer- 
luccius merluccius (Macrouridae) served as a paratenic host in 
the central—eastern Atlantic Ocean; demersal fishes have 
been known to feed on midwater fishes, especially along con- 
tinental slopes and seamounts (Pusch et al. 2004, Gartner 
et al. 2008), and this is reflected in their parasite fauna (e.g., 
Klimpel et al. 2008, Palm and Klimpel 2008). Therefore, we 
believe that Anisakis brevispiculata has a pelagic life—cycle in 
the nGOM but that additional midwater fish (especially myc 
tophids) and squid species from the GOM should be studied 
to confirm this. 

Anisakis typica parasitized Polymetme corythaeola, the only 
benthopelagic species examined. Palm et al. (2008) sug- 
gested a pelagic life—cycle for Anisakis typica off Indonesia 
based on their finding of larvae in scombrid and caran- 
gid fishes, but our findings suggest a demersal cycle in the 
nGOM. Cavallero et al. (2011) found that Anisakis typica 
was the dominant anisakid in offshore delphinids that had 
stranded along the coasts of the GOM, southeastern U.S., 
and Caribbean Sea. Our finding of Anisakis typica in the 
benthopelagic species only was surprising, considering that 
the diets of most oceanic delphinids consist of squid and 
epipelagic and mesopelagic fishes (e.g., Fiedler et al. 1998, 
Pauly et al. 1998, Davis et al. 2002). Therefore, additional 
paratenic hosts are likely necessary to transfer Anisakis typica 
to its final hosts. Additional benthopleagic and demersal 
fishes along the outer continental shelf and slope should 
be examined to further establish the life—cycle patterns of 
Anisakis typica in the nGOM. 

The current underrepresentation of parasitological data 
for species of Anisakis in the nGOM is likely an artifact of the 
bathymetry of the GOM. The continental shelf is shallow 
and wide across most of the commercial and recreational 
fishing grounds, and the majority of ichthyoparasitological 
examinations in the region for ascaridoids (e.g., Overstreet 
1978, Deardorff and Overstreet 1980, 1981) have focused 
on host species that occur in coastal waters or over the 
continental shelf. Likely reasons why anisakids are not 
commonly encountered in fisheries products from the GOM 
are the lack of surveys using molecular tools, the importance 
that oceanic euphasiids may play in the life—cycles of species 
of Anisakis (Smith and Wooten 1978), and the diversity of 


marine mammals associated with the bathymetric features 
(e.g., salt domes and diapirs) of the nGOM continental slope 
(Davis et al. 2002). 

In the GOM, the only species of Bolbosoma reported is 
Bolbosoma vasculosum from Blainville’s beaked whale, Meso- 
plodon densirostris, (Salgado—Maldonado and Amin 2009) 
However, in the Caribbean Sea, Bolbosoma vasculosum has 
been reported from both the pygmy killer whale, Feresa atten- 
uata, and the Atlantic spotted dolphin, Stenella frontalis; an- 
other species, Bolbosoma capitatum, has been reported from 
the short—finned pilot whale, Globicephala macrorhynchus, 
and an unidentified species of Bolbosoma infected the pygmy 
sperm whale, Kogia breviceps (see Mignucci—Giannoni et al. 
1998). Unfortunately, the freezing and subsequent thawing 
of the single specimen that we attribute to Bolbosoma sp. was 
based on molecular sequencing of the cox! gene and did 
not allow for morphological identification to species level. 
Species of Bolbosoma are one of the two acanthocephalan 
genera known to parasitize marine mammals (Raga et al. 
2009). Euphasiids and copepods act as first intermediate 
hosts (Hoberg et al. 1993, Gregori et al. 2012), and fishes act 
as paratenic or transport hosts (Raga et al. 2009). 

Likewise, tetraphyllideans use crustacean and fish inter 
mediate hosts, mature in elasmobranchs, and the larvae are 
commonly found in marine fishes (e.g., Jensen and Bullard 
2009). We attempted to amplify the 28S from the extracted 
DNA of 3 individual larvae but were unsuccessful. Jensen 
and Bullard (2009) provided a key to 15 larval types that 
they identified but our specimens could not clearly be as- 
signed to any of them, most likely because of the freezing and 
thawing of hosts. The only species of Brachyphallus reported 
from the GOM by Overstreet et al. (2009) is Brachyphallus 
parvum (as Lecithochirium parvum). Brachyphallus parvum has 
been reported from 27 teleost species in the GOM, 5 of 
which are pelagic. The life—cycle of the congener Brachyphal- 
lus crenatus involves an opisthobranch snail, calanoid cope- 
pods, matures in teleosts, and can include chaetognaths and 
ctenophores as paratenic hosts (K@ie 1992); therefore, the 
finding of an immature species in Polypinus clarus is not nec 
essarily unexpected. 

Few other studies on the parasites of midwater fishes have 
included sternoptychids or phosichthyids as hosts. Gartner 
and Zwerner (1989) examined Argyropelecus aculeatus and 
Sternoptyx diaphana from the western North Atlantic; Klim- 
pel et al. (2004, 2007) examined Maurolicus muelleri from 
the Norwegian Deep and Mid—Atlantic Ridge; and Bray 
and Gaevskaya (1993) provided a description of a monor 
chiid (Digenea) from Polymetme corythaeola from the eastern 
mid—Atlantic Ocean. Gartner and Zwerner (1989) found 
only cestode larvae in the 2 sternoptychids they examined. 
Klimpel et al. (2004, 2007) found parasite communities 
similar to ours, but they found 2 digenean species and the 
ascaridoid species Anisakis simplex (sensu stricto) and Hystero- 
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thylacium aduncum. We did not find Anisakis simplex (sensu 
stricto) in any of the fish we examined, but Cavallero et 
al. (2011) did find individuals in stranded delphinids, Kogia 
breviceps, and Mesoplodon europaeus. Cavallero et al. (2011) 
also found five additional species of Anisakis plus Pseudoter- 
ranova ceticola; therefore, some of the additional species of 
Anisakis they identified but were not collected by us likely 
occur in the nGOM. 

Our results must also be accompanied with a few caveats. 
The first of which is that the midwater fishes treated in our 
study were collected incidentally with a bottom trawl. We 
do not believe that all of these fishes were collected near the 
bottom, but Gartner et al. (2008) reported large numbers of 
Maurolicus weitymani and Polypinus clarus associated with the 
benthic boundary layer. This may explain why we were able 
to attain a sample size greater than 100 for Polypinus clarus. 
Our sample sizes were also relatively small for most species 


examined (only Polypinus clarus and Polymetme corythaeola 
had n > 50); therefore, we elected to pool parasitological 
data for species across the nGOM rather than comparing 
infections by locations. Ross et al. (2010) found a homog- 
enous mesopelagic fish assemblage across the nGOM that 
would support our consideration. However, based on diet 
data for some sternoptychid species in the eGOM, the spe- 
cies composition of available prey at lower taxonomic lev- 
els spatially varies slightly (e.g., Hopkins and Baird 1985). 
The stomachs of most of the fishes we examined were either 
inverted, empty, or contained unrecognizable (digested) 
prey, and could not be used to reliably compare diets. To 
generate a more concise picture of the parasite communi- 
ties of sternoptychids and phosicthyids and to generate a 
better understanding of the life—cycles of such parasites, 
fishes collected by midwater trawls should be examined. 
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SPATIAL BIODIVERSITY PATTERNS OF FISH WITHIN THE ARANSAS BAY 


COMPLEX, TEXAS 
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ABSTRACT: The goal of this study was to consider the effects of habitat type and environmental conditions on the biodiversity of fishes within the 


Aransas Bay Complex, Texas and provide a management framework and an ecosystem examination of Essential Fish Habitat (EFH). A stratified, 


randomized experimental design was used to collect fishes from seagrass, oyster, and non—vegetated habitats within the Aransas Bay Complex 


from February through May 2010 over large spatial scales at the “bay—complex” level. We developed a biodiversity habitat model using Boosted 


Regression Trees (BRT). Fitted functions from the “best” fit BRT habitat model indicated that fish biodiversity was greatest in seagrass areas closest to 


the inlet (< 80 cost-distance units) during early spring, with temperatures < 18°C and dissolved oxygen levels between 7—8 mg O,,/L in shallow 


depths (< 0.5 m). Results from community assemblage analyses showed significant differences among habitats with highest abundance of fishes found 


in seagrass, followed by non—vegetated substrate, and oyster reef. The relatively high abundance of fishes at non—vegetated bottom compared to the 


low abundance found at the oyster reef was most likely due to the spatial location of the habitats sampled. Our results indicate that future conservation 


measures should focus along the eastern and southern areas of Aransas Bay to protect EFH with highest levels of biodiversity. The modeling approach 


developed in this study provides a framework for natural resource managers to identify habitats supporting the greatest biodiversity of juvenile fishes. 


KEYWORDS: Boosted Regression Trees, estuarine nursery habitat, essential fish habitat, fish community assemblage, biodiversity—habitat model 


INTRODUCTION 

Estuaries are among the most productive aquatic eco- 
systems and are obligate habitats for many marine species. 
Given the proximity to human population centers and the 
influence of freshwater as a determinant to both physical 
(e.g., salinity regime) and biotic (seagrass abundance and 
distribution as affected by freshwater inflow and nutrient 
loading) components, these ecosystems provide an ideal re- 
search laboratory to investigate modern paradigms in bio- 
diversity and conservation (Lotze et al. 2006). The Gulf of 
Mexico (GOM) includes over 200 estuarine systems that are 
impacted by human population growth (which is predicted 
to increase 40% by 2025; http://www.unwater.org/index. 
html). Current and potential threats include increased waste 
production and urban non—point runoff, loss of wildlife 
habitat, water quality decline, and reduced sediment quality. 
Additionally, increased demands for wastewater treatment, 
irrigation, energy sources, and potable water of the GOM 
(http://www.lme.noaa.gov/) can all have profound effects 
on the biodiversity of estuaries within the GOM (Worm et 
al. 2006). 

Human populations and their demands for land, energy, 
and natural resources are growing exponentially, creating 
pressures on ecosystems that were not anticipated by conven- 
tional approaches to natural resource management (Arkema 
et al. 2006). Human impacts have altered the distribution, 
quantity, and quality of marine habitats (Pyke 2004, Lotze 
et al. 2006, Nobre 2011), and these impacts have contrib- 
uted to the depletion of more than 90% of estuarine species, 
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degraded water quality, accelerated species invasions, and 
destroyed greater than 65% of seagrass and wetland habitat 
among estuaries and coastal seas (Jackson et al. 2001, Lotze 
et al. 2006, Worm et al. 2006). These losses have decreased 
marine biodiversity, which impairs the estuaries’ capacity 
to maintain ecological health (provide food, maintain wa- 
ter quality etc.; Worm et al. 2006, Hector and Bagchi 2007) 
and the provision of ecosystem services like nursery habitats 
(Worm et al. 2006). Thus, there is a need for increased mea- 
surement of biodiversity across estuarine landscapes and in 
particular for fishes. 

In the United States and territories, legislative mandates 
have required resource managers to identify Essential Fish 
Habitat (EFH) for fish, and take measures to restore, protect, 
and preserve these areas (2007 Magnuson—Stevens Fishery 
Conservation and Management Act Public Law 94—265), Es- 
tuarine habitat types such as submerged aquatic vegetation 
(e.g., seagrasses), emergent intertidal marshes, and non—veg- 
etated bottom have been thoroughly investigated, and their 
role as EFH is well documented (Waycott et al. 2009). It is 
assumed that there is a positive relationship between the 
quantity of EFH and fish abundance or productivity (Hayes 
et al. 1996). However, this assumption is not often tested 
as research on EFH has focused on density patterns within 
habitat types (Gallaway and Cole 1999). This information 
is important, but EFH extends well beyond simple habitat— 
density relationships and includes interactions among biotic 
and abiotic components of the habitat (Hayes et al. 1996). 
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Therefore, modeling species—environment relationships is 
crucial for examining EFH. 

The objective of this study was to compare fish commu- 
nities among estuarine habitat types (seagrass, oyster, and 
non—vegetated bottom) and to determine spatial biodiver- 
sity patterns by developing a biodiversity model that predicts 
a Shannon—Wiener index within the Aransas Bay Complex, 
Texas. Specifically, the relationship among abiotic factors 
(temperature, salinity, turbidity, dissolved oxygen, and pH), 
biotic factors (habitat type, depth, and organic content), and 
the Shannon—Wiener biodiversity index were investigated 
within the Aransas Bay Complex (Mission—Aransas Na- 
tional Estuarine Research Reserve; MANERR), Texas. We 
also characterized monthly community structure (February, 
March, April, and May) as well as examined assemblages for 
each habitat type (seagrass, oyster, and non—vegetated bot 
tom). The biodiversity—habitat model and related commu- 
nity level analyses will provide crucial information needed 
to identify and describe EFH within the Aransas Bay Com- 
plex, TX. 


MATERIALS AND METHODS 

Study site 

Field collections were conducted in the estuarine waters 
of the northern GOM in Aransas Bay Complex (Figure 1) 
within the MANERR. The reserve encompasses 752 km? 
of seagrass beds (primarily Halodule wrightii), oyster reefs 
(Crassostrea virginica), salt marsh (Spartina alterniflora), and 
non—vegetated bottom (sediment consisting of sand with 
small amounts of clay and silt), Aransas Bay contains ex- 
tensive coastal wetlands and submerged aquatic vegetation, 
while Copano Bay is the largest secondary bay connected to 
Aransas Bay, and freshwater inflow (mean daily inflow of 
28 m’/s) occurs primarily via the Aransas and Mission Riv- 
ers, and virtually all of the saltwater exchange occurs via the 
Aransas Pass tidal inlet (Figure 1). 

Field collection 

A stratified and randomized experimental design was 
used to classify fish community structure among seagrass, 
oyster, and non—vegetated bottom habitats within the 
Aransas Bay Complex from February through May 2010. 
Sites were selected by converting the study area into 100 
m’ grid cells. Habitat type for each cell was determined 
using existing habitat maps (http://www.csc.noaa.gov/digi- 
talcoast/data/benthiccover/download.html), with the first 
available seagrass nearly 10 km from the inlet. Using this 
grid, forty 100 m’ sites were sampled each month in 3 habi- 
tat types, seagrass (n=10), oyster (n=10), and non—vegetated 
bottom habitats (n=20). Sample sites were selected without 
replacement using a randomized selection of sites from the 
sampling grid. 

Physical environment 

Prior to sampling at each site, environmental variables 
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FIGURE 1. Map of Aransas Bay Complex located along the north- 
western Gulf of Mexico. Sampling locations (n = 160 sites) within the 
Aransas Bay Complex from February-May 2010, 80 non-vegetated 
bottom (NonVeg, brown circles), 40 seagrass sites (green circles), and 
AO oyster sites (tan circles). 


were measured just above the substrate using a Hydrolab 
5S Sonde. Variables measured included water temperature 
(°C), dissolved oxygen (DO) in mg O,/L, pH, salinity, and 
depth (m). Turbidity was measured using a Secchi disk (cm). 
Sediment samples were taken at non—vegetated and seagrass 
sites using a modified Van—Veen grab. Sediment samples 
were not collected at oyster sites as shells prevented sedi- 
ment collection. Sediment samples were placed on ice and 
transported back to the laboratory for dry weight analysis as 
an indication of organic content. Analyses were conducted 
by placing 25¢ of sediment from each sample into an oven at 
104°C for 24 hours. After drying, samples were re—weighed 
and the dry weight was subtracted from the original wet 
weight, using the following formula: Percent dry weight = 
(Sediment after drying (g)) / (wet weight (g)). 

Samples with a low percent of dry weight were considered 
to have a higher percentage of organic content than samples 
with a higher percent of dry weight. Thus, low percentage of 
dry weight is correlated with higher sediment quality (Froe- 


schke et al. 2013a). 
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Fish sampling 

Fishes were collected using a 2 m wide beam trawl with 
6 mm stretch mesh liner towed for 50 m (total area 100 m7) 
at a constant speed (5 kt). Trawl samples were rough—sorted 
in the field to remove excessive algae, seagrass, and debris, 
then preserved in 10% formalin and returned to the labora- 
tory for further processing. All fishes were identified, enu- 
merated, and measured to the nearest mm standard length 
(ST): 

Spatial Analyses 

Saltwater and larval exchange (ingress pathway during 
the larval stage) occurs via the Aransas Pass tidal inlet. To 
examine a potential relationship between biodiversity of 
fishes with the connection to the GOM, the distance from 
the Aransas tidal inlet to each sampling location was calcu- 
lated using the cost distance function in the spatial analyst 
extension in ArcGIS (ESRI, Redlands CA, USA), using the 
shoreline as a buffer (Whaley et al. 2007). The cost—distance 
function is used to calculate the shortest distance between 
2 points that are constrained within a geographic boundary 
to provide more accurate relative distance estimates than 
Euclidian methods (Froeschke et al. 2010, 2013a, b). 

Boosted Regression Trees 

The relationship between Shannon—Wiener index of 
biodiversity of fishes and biological, physical, spatial and 
temporal variables were determined by developing spatially 
explicit distribution patterns of biodiversity of fishes. We 
used a forward fit, stage—wise, binomial boosted regression 
tree model (De’ath 2007, Elith et al. 2008), which is a pow- 
erful, yet relatively new, approach to modeling species—en- 
vironment relationships. Boosted regression trees (BRT) is 
an ensemble method that combines statistical and machine 
learning techniques; it has shown to 
be an effective method for identifying 
relationships between fish distribution 
patterns and environmental predictors Biological 
(Leathwick et al. 2006, 2008, Froeschke 
etal. 2010, 2013a, b, Froeschke and Froe- 
schke 2011). Boosted regression trees: 1) 
accept different types of predictor vari- I. 
ables; 2) accommodate missing values . pc 
through the use of surrogates; 3) resist 
the effects of outliers; and 4) automati- 
cally fit interactions between predictors 
(Elith et al. 2006, 2008, Leathwick et 
al. 2006, 2008). Unlike traditional tre- 
gression techniques, BRTs combine the 
strength of two algorithms, regression 
trees and boosting, to combine large 
numbers of relatively simple tree models 
instead of a single “best” model (Elith et 
al. 2006, 2008, Leathwick et al. 2006, 
2008). Each individual model consists 
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of a simple regression tree assembled by a rule—based classi- 
fier that partitions observations into groups having similar 
values for the response variable based on a series of binary 
splits constructed from predictor variables (Friedman 2001, 
Leathwick et al. 2006, Elith et al. 2008). The BRTs often 
have a higher predictive performance than single tree meth- 
ods due to the inherent strengths of regression trees and the 
robustness of model averaging that improves predictive per 
formance. Overfitting is minimized by incorporating 10— 
fold cross validation into the model fitting process (Elith et 
al. 2006, 2008, Leathwick et al. 2006, 2008). 

Analyses were conducted in R (version 3.01, R Core 
Team 2013) using the ‘ebm’ library supplemented with func 
tions from Elith et al. (2008). Initially, 10 predictors were 
included in the model: habitat type, organic content (%), 
depth (m), dissolved oxygen (mg O,/L), temperature °C), 
turbidity (cm), salinity, pH, distance to the inlet, and month 
(treated as a categorical variable; Figure 2). The adjustable 
model parameters for BRT are tree complexity (tc), learning 
rate (Ir), and bag fraction, where te controls whether interac 
tions are fitted, lr determines the contribution of each tree 
to the growing model, and bf specifies the proportion of 
data to be selected at each step (Elith et al. 2008). Model 
selection was based on 2 performance metrics: 1) area un- 
der the receiver operating characteristic curve (ROC) and 
2) explained deviance on cross—validated data. Selection of 
predictor variables was done using the gbm.simplify func 
tion from Elith et al. (2008), while the tuning parameters 
were optimized by cross—validation selecting a final model 
larger than 1,000 trees with maximum explained deviance 
on cross—validated data. Model validation was done by test 
ing the null hypothesis that the slope of the trend line for 
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FIGURE 2. Flowchart for Boosted Regression Trees to identify biodiversity hotspots 
within the Aransas Bay Complex. 
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predicted biodiversity versus actual calculated 
biodiversity was not significantly different 
from one and the intercept parameter was 
not significantly different from zero. A least— 
squares linear regression was used: Predicted, 
= Intercept + C, + Residualswhere Predicted, 
equals predicted Shannon—Wiener index of 
biodiversity of fishes from the BRT model, 


Water temperature (°C) 


Salinity 
and C. equals the calculated Shannon—Wie- nt 
re en, Turbidity (cm) 
ner index of biodiversity of fishes from the 
Depth (m) 


data collected. 

Community Analysis 

A multivariate analysis (PRIMER v.6; 
Clarke and Gorley 2006) was conducted to 


test for significant differences in community 


pH 


assemblages among habitat types (Greenstreet 

and Hall 1996, Fisher and Frank 2002). The 

goal of this analysis was to test for differences in commu- 
nity assemblages among habitats by using several routines 
from PRIMER v.6 (Ludwig and Reynolds 1988, Catalan et 
al. 2006). The mean monthly abundance of each species 
collected was examined for each habitat (12 total samples). 
Data were 4" root transformed prior to analysis to reduce 
the differential effects of dominant species and differenti- 
ate among habitat types having many or few rare species 
(Clarke and Green 1988). The community assemblage pat- 
terns among habitat types were determined using non—met- 
ric multidimensional scaling (nAMDS) based on Bray—Curtis 
similarity with Bray—Curtis cluster groups superimposed 
for interpretation (Clarke and Warwick 2001). Addition- 
ally, the SIMPER routine (similarity percentages) was used 
to determine the species contribution to the within group 
(habitat) similarity (Clarke and Warwick 2001). Along with 
the SIMPER routine, the BVSTEP procedure was used in 
the BEST routine (random selection) to identify the species 
that contributed the most to the whole community pattern. 
Using the identified species, another resemblance matrix 
based on Bray—Curtis similarity was created and compared 
to the original matrix (all species included) with the RE- 
LATE routine, with the null hypothesis that there is no 
relationship between the two similarity matrices, to deter 
mine if we find a similar community pattern with only the 


selected species (Clarke and Gorley 2006). 


RESULTS 

Abiotic and Biotic Parameters 

During this study abiotic and biotic parameters var 
ied seasonally and mean values differed among habitats 
(Table 1). Temperature ranged from 12.88°C (February) 
to 30.48°C (May), and the depth across sites ranged from 
0.08 m (seagrass) to 3.54 m (non—vegetated bottom). The 
lowest salinity (6.22) occurred in an oyster reef in Copano 
Bay sampled in February, and the highest salinity (33.50) 


Dissolved oxygen (mg O,,/L) 


Dry weight (%) 
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TABLE 1. Mean (+ se) parameter ranges by habitat from 160 sites (seagrass n = 4O, 
oyster reef n = 40, and non-vegetated bottom n = 80) sampled from February to May 
2010 within the Aransas Bay Complex. 


Non-vegetated Oyster Seagrass 
Zea ok 2eAal 2197 SAF 22.99 + 3.64 
lA7At N65 13413:4:2.08 18.93 + 2.99 
81.12 + 9.07 73AD E16 56 + 8.85 

3.59 + 0.40 2.78 + 0.44 2.15+0.34 
726:+0,81 ABO £V25 9.03 + 1.43 
8.14+0.91 8.22 + 1.30 8.44 + 1.33 
A7.83 + 5.49 N/A 29.06 + 4.59 


occurred in seagrass in Aransas Bay sampled in March. The 
lowest dissolved oxygen (2.72 mg O,/L) occurred in April in 
seagrass in Copano Bay, and the highest dissolved oxygen 
(14.49 mg O,/L) also occurred in April but in non—vegetat 
ed bottom in Aransas Bay. Percent dry weight was lowest 
(10.09%; highest organic content) in March in Copano Bay 
at a non—vegetated site and highest (75.58%; lowest organic 
content) in May in Aransas Bay at a non—vegetated site. 
Turbidity ranged from 20—200 cm with the lowest turbidity 
occurring in seagrass in February in Copano Bay, and the 
highest turbidity occurring in non—vegetated sites in May 
in Aransas Bay. 

Summary of collections 

A total of 5,789 fishes were collected from February to 
May 2010 from 160 sites (80 non—vegetated, 40 seagrass, 
and 40 oyster) within the Aransas Bay Complex. The fish 
assemblage included 35 species from 22 families. Seagrass 
sites supported the largest abundance of fishes (n = 3,797) 
and individual species (n = 27), followed by non—vegetat 
ed sites (1,487 fishes, 23 species), and then oyster reef sites 
(505 fishes, 16 species). The most abundant fish collected 
was Micropogonias undulatus (n = 984) comprising 17% of 
the fishes sampled (Table 2). Syngnathus sp. (mean = 18.55 + 
2.36), Lagodon rhomboides (mean = 16.75 + 6.06), and Cteno- 
gobius boleosoma (mean = 13.53 + 5.41) were the most abun- 
dant fish at seagrass sites (Table 2). Micropogonias undulatus 
(mean = 8.84 + 3.53), Citharichthys spilopterus (mean = 3.40 
+ 0.74), and Gobiosoma bosc (mean = 2.30 + 0.89) were the 
most abundant fish at non— vegetated sites (Table 2). Micro- 
pogonias undulatus (mean = 5.30 + 2.50), and G. bosc (mean = 
4.13 + 1.40) were the 2 most abundant fish species at oyster 
sites (Table 2). 

Boosted Regression Trees (Biodiversity Model) 

The simplified habitat BRT model for prediction of the 
Shannon—Wiener Diversity Index incorporated 6 out of 10 
variables and was determined as the “best” fit model (ROC 


= 0.87) as compared to the full model (ROC = 0.85, tree 
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complexity = 2, learning rate = 0.001, bag fraction = 0.5). 
Model validation using linear regression demonstrated an 
approximate 1:1 relationship between the calculated Shan- 
non—Wiener Diversity Index values versus the predicted 
Shannon—Wiener Diversity Index values from the BRT (t’ 
= 0.92, F, 1.9 = 1,927, p < 0.05, Slope = 0.90; Figure 3) With- 
in the BRT biodiversity model, habitat type explained the 
most deviance in the model (29.2%) followed by tempera- 
ture (22.3%), distance to the nearest inlet (18.8%), month 
of collection (13.7%), dissolved oxygen (8.7%), and depth 
(7.3%; Figure 4). The fitted functions from the “best” fit 


Predicted 


FIGURE 3. Predicted values of biodiversity from the Boosted Regression Tree 
model versus the actual biodiversity values. Trend line was determined from the 
linear regression model (r? = 0.92, F = 1,927, p< 0.05, Slope = 0.90). 


1,159 


Actual 


TABLE 2. Overall mean abundance and standard error (SE) of all collected fishes in 3 habitat types including seagrass, oyster reef (Oyster), and non- 
vegetated bottom (Nonveg). The total number and relative abundance (number of individuals/total number of animals collected x 100) also are given. 


Species are listed in order of total and relative abundance. 


Total Relative Seagrass Oyster Nonveg 
Common Name Scientific Name Number Abundance (%) Mean SE Mean SE Mean SE 
5,789 
Atlantic Croaker Micropogonias undulatus 984 17 1.63 (0.55) 5.30 (2.50) 8.84 (3.53) 
Pipefishes Syngnathus sp. 800 13.8 18.55 (2.36) 0.58 (0.18) 0.44 (0.14) 
Bay Whiff Citharichthys spilopterus 715 12:4 1033 (2.58) O75. {0.22} 3,40». (0:74) 
Pinfish Lagodon rhomboides 675 11.7 16.75 (6.06) 0.00 (0.00) 0.06 (0.05) 
Darter Goby Ctenogobius boleosoma 580 10 13.53 (5.41) 0.08 (0.06) 0.45 (0.34) 
Naked Goby Gobiosoma bose 531 9.2 4.55 (2.73) 4.13 (1.40) 2.30 (0.89) 
Spot Leiostomus xanthurus 447 Ev 10.35 (4.01) 0.15 (0.07) 0.34 (0.10) 
Code Goby Gobiosoma robustum A416 72 790 (1.68) 0.65 (0.18) 0.93 (0.29) 
Pigfish Orthopristis chrysoptera 139 2.4 3.45 (1.36) 0.00 (0.00) 0.01 (0.01) 
Blackcheek Tonguefish = Symphurus plagiusa 105 1.8 1.98 (0.75) 0.05 (0.03) 0.30 (0.10) 
Silver Perch Bairdiella chrysoura 103 1.8 2.58 (1.14) 0.00 (0.00) 0.00 (0.00) 
Green Goby Microgobius thalassinus 93 1.6 0.18 (0.08) 0.35 = (0.13) 0.90 (0.18) 
Seahorses Hippocampus sp. A3 0.7 1.08 (0.27) 0.00 (0.00) 0.00 (0.00) 
Southern Flounder Paralichthys lethostigma 32 0.6 0.50 (0.14) 0.08 (0.06) 0.11 (0.06) 
Sheepshead Archosargus probatocephalus 3] 0.5 0.78 (0.37) 0.00 (0.00) 0.00 (0.00) 
Bay Anchovy Anchoa mitchilli 24 0.4 0.08 (0.08) Q.25~ =(0:12} 0.14 (0.06) 
Gulf Menhaden Brevoortia patronus aS 0.4 0.05 (0.03) 0.15 (0.15) 0.19 (0.11) 
Inshore Lizardfish Synodus foetens 10 0.2 0.20 (0.11) 0.05 (0.03) 0.00 (0.00) 
Gray Snapper Lutjanus griseus 7 0.1 0.18 (0.11) 0.00 (0.00) 0.00 (0.00) 
Gulf Toadfish Opsanus beta 7 0.1 0.03 (0.03) 0.00 (0.00) 0.03 (0.02) 
Inland Silverside Menidia beryllina 4 0.1 0.08 (0.08) 0.00 (0.00) 0.01 (0.01) 
Lined Sole Achirus lineatus 3 0.1 0.00 (0.00) 0.03 (0.03) 0.03 (0.02) 
Sheepshead Minnow Cyprinodon variegatus 3 0.1 0.08 (0.08) 0.00 (0.00) 0.00 (0.00) 
Rock Sea Bass Centropristis philadelphica 2 O 0.03 (0.03) 0.00 (0.00) 0.01 (0.01) 
Crested Blenny Hypleurochilus geminatus 2 O 0.00 (0.00) 0.00 (0.00) 0.03 (0.03) 
Shrimp Eel Ophichthus gomesii 2 O 0.05 (0.05) 0.00 (0.00) 0.00 (0.00) 
Ocellated Flounder Ancylopsetta quadrocellata 1 O 0.03 (0.03) 0.00 (0.00) 0.00 (0.00) 
Frillfin Goby Bathygobius soporator 1 O 0.00 (0.00) 0.03 (0.03) 0.00 (0.00) 
Striped Blenny Chasmodes bosquianus ] O 0.03 (0.03) 0.00 (0.00) 0.00 (0.00) 
Striped Burrfish Chilomycterus schoepfii ] O 0.03 (0.03) 0.00 (0.00) 0.00 (0.00) 
Fringed Sole Gymnachirus texae 1 O 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 
Skilletfish Gobiesox strumosus ] ) 0.00 (0.00) 0.03 (0.03) 0.00 (0.00) 
Atlantic Midshipman Porichthys plectrodon ] O 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 
Least Puffer Sphoeroides parvus 1 @) 0.00 (0.00) 0.00 (0.00) 0.01 (0.01) 
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BRT habitat model indicated that the greatest biodiversity 
of fishes occurred in seagrass meadows closest to the inlet 
(<< 80 cost-distance units) during the months of February 
and March, with temperatures < 18°C and dissolved oxygen 
levels between 7—8 mg O,/L in shallow depths (< 0.5 m; 
Figure 4). 

Spatial prediction of biodiversity of fishes from the BRT 
model demonstrated similar values between the calculated 
(Figure 5A) and predicted (Figure 5B) Shannon—Wiener 
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FIGURE 5. Diversity of fishes in the Aransas Bay, TX complex. A. Calculated Shannon- 
Weiner Diversity Index at each site sampled. B. Spatial prediction of biodiversity of fishes 
from the boosted regression trees (BRT) model indicating the highest biodiversity would 
occur among seagrass along the east and south areas of Aransas Bay. Moderate values of 
biodiversity of fishes occurred in seagrass within Copano Bay and non-vegetated (Nonveg) 
sites closest to the tidal inlet in Aransas Bay. The lowest biodiversity values of fishes occurred 
along oyster and non-vegetation in the northern portions of Aransas and Copano Bay. 
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FIGURE 4. Functions fitted for the 5 important predictor variables by a 
boosted regression trees (BRT) model relating the biodiversity of fishes 
to the environment within the Aransas Bay Complex. Y-axes are on the 
logit scale with mean zero. X-axes parameters: temperature (°C), dis- 
tance to the nearest inlet (DI), dissolved oxygen (DO; mg O2/L), and 
depth (m). Numbers in parentheses are the percentage of how much 
each variable contributed to predictions. 


Diversity Index values. Furthermore, spatial prediction 
indicated the highest biodiversity would occur in seagrass 
habitat along the eastern and southern areas of Aransas Bay 
(Figure 5B). Moderate biodiversity values (1.1—1.4) of fishes 
occurred in seagrass within Copano Bay and non—vegetat- 
ed sites closest to the tidal inlet in Aransas Bay. The lowest 
biodiversity values (< 0.35) of fishes occurred along oyster 
and non—vegetation in the northern portions of Aransas 
and Copano Bays (Figure 5B). 

Community Analysis 

Our community analysis revealed differenc 
es in community assemblages both monthly 
and among habitats. Bray—Curtis cluster anal- 
ysis found 3 groups at the 60% similarity level: 
1) seagrass, 2) oyster and non—vegetated bot 
tom, and 3) a second oyster group. The nMDS 
ordination indicated the same separation 
among habitats, but also revealed seasonal dif 
ferences, which is very clear within the cluster 
analysis superimposed at the 60% level (Fig- 
ure 6). Oyster samples collected during April 
and May have a different assemblage than dur 
ing cooler months when they are more simi- 
lar to non—vegetated bottom. Additionally, 
the nMDS plot reveals seasonal differences 
among seagrass samples with clear separation 
within the group from February through May. 
Non—vegetated bottom also reveals a similar 
seasonal trend with monthly differences in 
a similar pattern as seagrass habitat (Figure 
6). The SIMPER analysis was used to deter 
mine which species were contributing to the 
community structure within each habitat. Es- 
tuarine—dependent species had the greatest 
contribution to the percent similarity among 
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habitats. In seagrass, Syngnathus sp., L. rhomboides, and C. bo- 
leosoma had the greatest contribution to the within—group 
similarity (Table 3). Whereas, in oyster reefs G. bosc, Gobio- 
soma robustum, and Syngnathus sp. had the greatest contribu- 
tion to the within group similarity and in non—vegetated 
habitat, C. spilopterus, G. bosc, and M. undulatus had the 
greatest contribution to the within group similarity (Table 


2D Stress: 0.06 


FIGURE 6. Non-metric multi-dimensional scaling (nMDS) ordination with Bray-Curtis cluster analysis superimposed 
using 60% similarity of mean fish density from each habitat (12 total samples). Nonveg = non-vegetated bottom. 


3). Using the BEST routine, we found 7 species that corre- 
lated 95.1% of the community assemblage. We also found a 
strong correlation between the original matrix (all species) 
and the BEST matrix (selected species) using the RELATE 
routine indicating that the matrices were similar (r = 0.95, p 
= 0.001). Generally, the most abundant species were identi- 
fied in the BEST routine as contributing to the community 


TABLE 3. SIMPER summaries showing species that contributed to the within group average similarity for each habitat type. * denotes species that did not 


contribute to the within group average similarity. Nonveg = nonvegetated bottom. 


Seagrass Oyster Nonveg 
Mean % Mean % Mean % 
Abundance Similarity Abundance Similarity Abundance Similarity 

Pipefishes Syngnathus sp. 18.55 15.93 0.58 Lops 0.44 9.23 
Pinfish Lagodon rhomboides 16.75 12.74 0.00 7 0.06 2 
Darter Goby Ctenogobius boleosoma 13353 11.81] 0.08 % 0.45 7.39 
Code Goby Gobiosoma robustum 7.90 [38 0.65 16.63 0.93 9.37 
Bay Whiff Citharichthys spilopterus 10.33 10.31 0.75 14.6] 3.40 15.66 
Spot Leiostomus xanthurus 10.35 7.28 0.15 8.07 0.34 G23 
Blackcheek Tonguefish Symphurus plagiusa 1.98 6.85 0.05 - 0.30 7.18 
Seahorses Hippocampus sp. 1.08 5.49 0.00 t 0.00 ‘: 
Atlantic Croaker Micropogonias undulatus 1.63 5.40 eyes) 9.92 8.84 10.78 
Naked Goby Gobiosoma bosc 4.55 2.91 4.13 24.54 2.30 10.96 
Green Goby Microgobius thalassinus 0.18 cs O35: sf 0.90 10.38 
Bay Anchovy Anchoa mitchilli 0.08 m 0.25 6.94 0.14 3.56 
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assemblage (Table 3), which is similar to the SIMPER find- 
ings. Lutjanus griseus was the only species that had relatively 
low abundance and was not identified by SIMPER but was 


found to also contribute to the community assemblage in 
the BEST routine (Table 3). 


DiscussION 

It has been hypothesized that an increase in biodiver- 
sity increases ecosystem function and services (Worm et al. 
2006, Hector and Bagchi 2007) and has a direct impact on 
the number of viable fisheries, provision of nursery habi- 
tats, and water quality (Worm et al. 2006). This study sup- 
ports these hypotheses and demonstrates the importance of 
incorporating biological, physical, and spatial variables to 
identify biodiversity hotspots. We found that biodiversity 
was most strongly influenced by the interaction among habi- 
tat type, water temperature, distance to the nearest inlet, 
month of sampling, dissolved oxygen, and depth. Results 
from this study also show the importance of determining 
which species are driving biodiversity along with spatial dif 
ferences by combining diversity metrics with community as- 
semblage techniques over a relatively large spatial scale. 

Our results revealed that habitat type, specifically 
seagrass, was the most important predictor of biodiversity in 
this sub—tropical estuarine system. Given the importance 
of habitat on biodiversity patterns, projected habitat loss of 
a high biodiversity habitat (seagrass) to a lower biodiversity 
habitat type (non—vegetated) is concerning. Further, habitat 
loss due to human impacts is a primary cause of popula- 
tion depletion in fishes (Ruckelshaus et al. 2002, Pyke 2004, 
Levin and Stunz 2005, Lotze et al. 2006) and threatens the 
health of marine ecosystems (Pauly et al. 2002, Hilborn et 
al. 2003, Crowder et al. 2008, Halpern et al. 2008, Zhou 
et al. 2010). Water temperature was also a very important 
predictor of biodiversity. The relationship with temperature 
was most likely a result of seasonal temperature variance, 
which is certainly linked to annual fish recruitment pat- 
terns. For example, in the Aransas Bay Complex, occur 
rence of juvenile Paralichthys lethostigma were found in cooler 
water temperatures (Froeschke et al. 2013a) because their 
peak recruitment occurs between January and March each 
year (Nafiez—James et al. 2009, Neahr et al. 2010). 

Distance to the nearest inlet was also an important pre- 
dictor of biodiversity. These results are consistent with other 
studies that show many estuarine species increase in abun- 
dance near inlets (Whaley et al. 2007, Reese et al. 2008, 
Froeschke et al. 2010, 2013b). Previous studies have identi- 
fied EFH in habitats closest to the tidal inlet in the Aransas 
Bay Complex, TX (Nafiez—James et al. 2009, Froeschke et 
al. 2013a, b). Moreover, our results suggest that inlet prox- 
imity remains an important feature of habitat quality across 
biotic habitat types. Month was the fourth most important 
predictor of biodiversity, with the highest biodiversity occur 
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ring in February and March. These results are most likely 
due to recruitment patterns of winter spawning species 
(M. undulatus, P. lethostigma, and L. rhomboides). Although 
decreasing biodiversity at lower salinities (greater distance 
from a tidal inlet) is a natural phenomenon, this is less pro- 
nounced in Texas secondary bays (e.g., Copano Bay) because 
they are greatly influenced by rainfall (Britton and Morton 
1989). For example, during periods of drought, communi 
ties of secondary bays are characteristic of higher salinity 
environment (e.g., closer to the tidal inlet). Additionally, sa- 
linity was not a predictor in biodiversity, which shows that 
this parameter most likely did not greatly contribute to the 
distance pattern found. 

Dissolved oxygen and depth were the least important 
predictors of biodiversity in this study. While dissolved oxy- 
gen levels can influence the distribution, abundance, and 
diversity of organisms (Breitburg 2002, Vaquer—Sunyer and 
Duarte 2008, Montagna and Froeschke 2009), this primar- 
ily occurs at much lower oxygen levels (i.e., < 2 mg O,/L) 
(Froeschke and Stunz 2012) than observed in this study. 
In this study, few samples were collected in low dissolved 
oxygen conditions, however, low dissolved oxygen events 
(e.g., hypoxia) are increasing in frequency and spatial ex- 
tent in Texas estuaries (Applebaum et al. 2005, Montagna 
and Froeschke 2009). These data suggest that oxygen levels 
could influence the distribution and abundance of biodi- 
versity and that dissolved oxygen should be included as a 
variable in future studies. While depth may be important, 
these are relatively shallow estuarine well—mixed systems 
where depth likely has little effect. 

Using community analyses we were able to determine 
what species were contributing to the differences in biodi- 
versity among habitats and over time by the BRT model. 
Overall, both resident species (Syngnathus sp., C. spilopterus 
and several goby species) as well as estuarine—dependent 
species (M. undulatus, L. rhomboides, Leiostomus xanthurus) 
equally dominated the catch. However, the highest abun- 
dances of both of these groups of fishes were found in sub- 
merged seagrass vegetation, which is similar to many other 
studies (Day et al. 1989, Beck et al. 2001, Stunz et al. 2002, 
2010, Reese Robillard et al. 2010). We found a low biodiver- 
sity of fishes on oyster reefs, which contrasts with numerous 
studies finding that structurally complex oyster reef systems 
support high density, biomass, and richness of estuarine 
nekton (Coen et al. 1999, Coen and Grizzle 2007, Stunz et 
al. 2010). The comparatively low biodiversity we observed 
could be a result of the spatial distribution of oyster reefs 
in the Aransas Bay Complex because the majority of oyster 
reefs are located in areas furthest away from the inlet in the 
northern portion of Aransas Bay and the northern and east 
portions of Copano Bay. Many estuarine species increase 
in abundance near inlets (Whaley et al. 2007, Froeschke 
et al. 2010), and Froeschke et al. (2013a) reported an in- 
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creased probability of flatfish occurrence closest to the inlet 
in the Aransas—Bay Complex, TX. The other reason for a 
low number of fish collected from oyster reefs could be be- 
cause the reefs sampled were subtidal. Reese Robillard et al. 
(2010) showed similar results with deep subtidal reefs hav- 
ing much lower densities of nekton than shallow estuarine 
habitats, which may be due to lower vertical relief because 
these reefs are commercially fished. This similar study con- 
cluded that deep reefs may not be as important habitat for 
newly recruiting estuarine fishes, but are very important for 
resident oyster—reef species, as well as important foraging 
grounds for large transient fishes. It should also be noted 
that there could be a gear effect of using a towed gear over 
these complex habitats, which may also have caused the low 
biodiversity found. However, distance from a tidal inlet is 
an important factor as many estuarine—dependent species 
may not be able to access these habitats, thus lowering the 
overall biodiversity. 

Despite the strengths of using BRT modeling approach, 
there are some inherent limitations. Cross—validated model 
evaluation indicated good performance of the BRT for bio- 
diversity of fishes. It is possible other factors affecting bio- 
diversity of fishes may not have been incorporated into the 
model, such as biotic components: spawning location, prey 
and predator density. However, we were able to examine 
several variables simultaneously that were related to habitat 
suitability, providing timely information for conservation 
and management of biodiversity within the Aransas Bay 
Complex. Furthermore, results from the BRT model were 
supported by the multivariate community analysis. None- 
theless, future studies of biodiversity should incorporate 
these abiotic parameters into the models when possible. 

Although we collected the fewest number of fishes from 
oyster reefs, we found they had a similar community as- 
semblage to non—vegetated bottom during February and 
March. Micropogonias undulatus was one of the most abur- 
dant species collected among all 3 habitats during this time, 
particularly in oyster and non—vegetated habitats, and its 
seasonal recruitment was most likely the driving factor for 


this community assemblage pattern (Rooker et al. 1998). 
The other evidence that M. undulatus was driving the com- 
munity patterns is that their recruitment typically ends in 
March (Rooker et al. 1998), and the April and May oyster 
community assemblages were no longer similar to non—veg- 
etated habitats. Seagrass samples were the most different 
from the other habitats among all months sampled. Howev- 
er, they were more closely related to non—vegetated bottom 
than oyster reefs, which could be because fish abundance 
was high at the non—vegetated sites closest to the inlet and 
adjacent to seagrass beds, highlighting the importance of 
the spatial arrangement of habitat types within ecosystems 
(Reese Robillard 2010). Finally, we did not directly assess 
the predation fields among these habitat types, and there 
is potential that very different trophic dynamics may exist 
in different habitats that may affect community structure 
and abundance (Grabowski 2004, Grabowski and Powers 
2004). Several studies have demonstrated that different tro- 
phic linkages and connectivity between different estuarine 
habitats can affect nekton assemblage, density, prey mortal- 
ity, and growth (Irlandi and Crawford 1997, Micheli and 
Peterson 1999, Grabowski et al. 2005). 

A positive linkage among biodiversity, productivity, and 
stability across trophic levels in marine ecosystems has been 
demonstrated (Worm et al. 2006). Therefore, it is critical 
to maintain/increase the biodiversity of fishes. This study 
demonstrated the importance of incorporating environmen- 
tal and biological variables into species biodiversity habitat 
models to identify areas suitable for EFH designation. The 
modeling approach, combined with community analyses 
developed in this study, provide a framework for natural re- 
source managers to identify habitats supporting the greatest 
biodiversity of juvenile fishes, and to identify which species 
are contributing to the diversity among habitats. Marine 
biodiversity loss is increasingly impairing the ocean’s ca- 
pacity to provide food, maintain water quality, and recover 
from perturbations; therefore, we must understand the im- 
portance of these changes to develop a more management 
approaches to better maintain fish biodiversity. 
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ABSTRACT: Two Puerto Rican species of the encrusting red alga Metapeyssonnelia are known to overgrow and kill the hydrocoral Millepora 


complanata. The overgrowth is accompanied by bleaching or tissue lightening regions surrounding the growing margin of the algae on the 


coral tissue. Lipophilic and hydrophilic extracts from Metapeyssonnelia corallepida and M. milleporoides were obtained and analyzed by 


GC-MS. The following compounds were identified from M. corallepida: squalene and 5—(hydroxymethyl)—2—(dimethoxymethyl)—furan3— 
methoxycarbonyl—1,1—diethyl-2—buten—4—olide and from M. milleporoides: 2,4—dit—butyl phenol, 2(3H)—furanone and dihydro—4,4—dimethyl— 
(CAS), terpenes, furanones and phenol. Aliquots of crude extracts of both Metapeyssonnelia species applied to coral fragments resulted in 


visible changes to the coral tissue as well as unexpected change in numbers of zooxanthellae. The highest concentration of M. corallepida 


lipophilic extracts assayed generated bleaching halos, death of coral tissue and a reduction of the zooxanthellae number while the two lower 


concentrations of lipophilic extracts of M. milleporoides resulted in obvious tissue lightening, but without decline in zooxanthellae number. 


KEYWORDS: algal extracts, allelopathy, overgrowth, furanone, necrosis 


INTRODUCTION 

Coral reef health has been threatened as the result of a 
complex combination of anthropogenic and biological factors 
including overfishing (McManus and Polsenberg 2004; 
Aronson and Precht 2006; Mora 2008), increased water 
temperature (Baker et. al. 2008; Strychar and Sammarco 
2009), anthropogenic nutrient enrichment (Lapointe 1997; 
D'Angelo and Wiedenmann 2014), ocean acidification 
(Baker et al. 2008; Veron et al. 2009; Pandolfi et al. 2011) 
and coral diseases (Sutherland et al. 2004; Weil et al. 2006; 
Schutte et al. 2010). Those factors which are detrimental 
for corals and advantageous for algal proliferation have led 
to “phase shifts” on coral reefs (Hughes 1994; Ruiz and 
Ballantine 2009; Diaz—Pulido et al. 2011; Anthony et al. 
2011; Barott et al. 2012). The process of “phase shifts” results 
in increased proximity of algae and corals leading to an 
increased arena for interaction. With a greater opportunity 
for algal contact with coral, negative effects on corals due to 
interactions with algae are increasingly being documented. 
Reports of negative interactions involving simple contact 
between algae (without overgrowth) include inhibition of 
Porites lutea Quoy & Gaimard by the cyanophyte Lyngbya 
bouillonii L.Hoffmann & V.Demoulin (Titlyanov et al. 
2007); negative effect on Porites sp. by the rhodophyte 
Anotrichium tenue (C.Agardh) Nageli Jompa and McCook 
2003a); and killing live Porites spp. tissue by contact with 
the red alga Corallophila huysmansii (Weber—van Bosse) 
R.E.Norris Jompa and McCook 2003b). Bonaldo and Hay 
(2014) further reported tissue bleaching in several coral 
species due to contact with multiple algal species. These 
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authors all invoked algal allelopathy as the likely cause of 
coral damage. While evidence was only correlative, these 
suggestions are probably correct. 

To our knowledge, only two published accounts have 
experimentally demonstrated coral inhibition by allelopathic 
chemical extracts from macroalgae. de Nys et al. (1991) 
reported that compounds produced by Plocamiun hamatum 
J. Agardh (Rhodophyta) generated tissue lesions on the 
coral Sinularia cruciata Tixier—Durivault, and Rasher and 
Hay (2010) reported that metabolites produced by Ochtodes 
secundaramea (Montagne) M. A. Howe (Rhodophyta) also 
generated bleaching spots on Porites porites (Pallas). 

Algal epizooism impacting coral well—being has been 
reported for several encrusting rhodophyte species. Over- 
growth of coral by coralline red alga Pneophyllum conicum 
(E. Y. Dawson) Keats, Y. M. Chamberlain et M. Baba was 
reported by Antonius (2001). Another encrusting rhodo- 
phyte, Ramicrusta textilis, was later described and reported to 
overgrow and kill those coral species on which it grows (Pu- 
eschel and Saunders 2009). Ballantine and Ruiz (2013) re- 
ported on the extent (about 18,000 m7’) of coral overgrowth 
by Ramicrusta in Puerto Rico at a shallow—water coral reef 
environment. Another alga species which overgrows corals, 
Metapeyssonnelia corallepida Verlaque et al. (2000), described 
from the Caribbean, was reported to be responsible for kill 
ing the hydrocoral Millepora beneath the algal crust (Anto- 
nius and Ballesteros 1998; Antonius 1999), Subsequently, 
Ballantine and Ruiz (2011) described another coral killing 
species of the genus, M. milleporoides D. L. Ballantine & H. 
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Ruiz, from Puerto Rico. Vieira et al. (2015) reported that 
Lobophora hederacea C.\W. Vieira, De Clerck & Payri (Pha- 
eophyceae) overgrew and killed the Pocilloporidae coral 
Seriatopora caliendrum Ehrenberg. Coral bleaching at the Lo- 
bophora margin strongly suggested allelopathic mechanisms 
to the authors. Chadwick and Morrow (2011) review other 
negative interactions between macro algae and corals. 

Metapeyssonnelia corallepida and M. milleporoides belong 
to the Rhodophyta family Peyssonneliaceae Denizot (1968) 
(Verlaque et al. 2000, Ballantine and Ruiz 2011). The genus 
is characterized by having a prostrate crustose habit, orbic 
ular shape, dorsiventral thallus with a distinct hypothallus 
and perithallus, and being attached to the substratum by 
unicellular rhizoids and suprabasal calcification. In shallow 
water coral reef environments in southwest Puerto Rico 
both Metapeyssonnelia species have been observed overgrow- 
ing the hydrozoan coral Millepora complanata Lamarck and 
the scleractinian Porites sp., leaving no living coral tissue 
beneath the algal crust (Ballantine et al. 2004; Ballantine 
and Ruiz 2011) at La Parguera, Puerto Rico. The algal (Peys- 
sonneliales) epizootic overgrowth of coral as exhibited by 
M. corallepida has been termed “PEY” by Antonius (1999), 
who referred to the phenomena as a disease condition. By 
extension, coral overgrowth by M. milleporoides would also 
be considered a coral disease condition. This overgrowth 
pattern is characterized by the presence of an unmistakable 
bleaching halo on coral tissue just beyond the growing edge 
of both M. corallepida and M. milleporoides thalli (Figure 1). 
Both species of Metapeyssonnelia in Puerto Rico have been 
found growing over entire Millepora colonies and the two 
Metapeyssonnelia species have been observed to grow sympat- 
rically (Ballantine and Ruiz 2011). 

The presence of a bleached halo just beyond the growing 
edges of M. corallepida and M. milleporoides on the coral 
M. complanata suggested to us that the algae produce 
secondary metabolic compounds with an_ allelopathic 
effect on the coral. The objectives of this study were to 
identify secondary metabolic compounds produced by 
Metapeyssonnelia corallepida and M. milleporoides that may 
affect tissue and/or zooxanthellae of Millepora complanata 
and to demonstrate allelopathic activity against Millepora by 
crude Metapeyssonnelia extracts. 


MATERIALS AND METHODS 

Collection 

Fragments of Millepora complanata with and without 
overgrowth of Metapeyssonnelia corallepida or M. milleporoides 
were collected by snorkeling at the reef crest area in the 
vicinity of Atravesado Reef in La Parguera, Lajas (southwest), 
Puerto Rico. Samples, in plastic bags with seawater, were 
placed in an insulated cooler, returned to the laboratory, 
and placed in running seawater within an hour of collection. 


34 


FIGURE 1. In situ. photograph of Metapeyssonnelia milleporoides 
(arrowhead) growing over Millepora complanata. The halo or lightened 
coral tissue beyond the growing edge is indicated by arrows. 


Extraction 

Metapeyssonnelia corallepida and M. milleporoides on coral 
fragments were scraped off the coral with a razor blade from 
the algal growing edge to 2 cm behind with care that no 
coral tissue was included. The scrapings were distributed in 
vials that were frozen at —20°C for 12 hours to break algal 
cells through water crystal formation. To avoid enzymatic 
degradation, extracts were then freeze dried using a Virtis 
Freeze mobile® Model 25SL (Scientific Products Industries, 
Warminster, Pa). The lyophilized material was kept frozen 
until use. 

Lipophilic extracts were obtained using a solvent mixture 
of chloroform: methanol in a 2:1 proportion (Folch et al. 
1956; Bligh and Dyer 1959; Cronin et al. 1995). Extraction 
solvent (40 ml) was added to the freeze—dried algal scrapings 
and refluxed at 30°C for 30 min. The extraction solvent 
was decanted and the process was repeated to obtain a 
total of 80 ml of extract. Following 60 min in a separatory 
funnel, the chloroform fraction with lipophilic non—polar 
compounds, and the methanolic fraction with lipophilic— 
polar compounds were separated. The chloroform fraction 
was recovered with a Biichi Rotavapor® Model RE—111 
(BUCHI Corporation, New Castle, DE) at 50°C prior to 
being dried under a stream of nitrogen and stored at —20°C 
until use. 

Hydrophilic extracts were obtained using methanol, a 
strong polar solvent used to obtain polar and hydrophilic— 
polar compounds from algal thalli (de Nys et al. 1998; 
Rasher et al. 2011; Saha et al. 2012). Algae were extracted 
with 50 ml of methanol for 48 h at room temperature. The 
methanol was then evaporated at 50°C utilizing the Buchi 
Rotavapor®. The dried extract was stored under nitrogen 
until use. 
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Gas Chromatography and Mass Spectrometry 

Lipophilic and hydrophilic extracts of the 2 
Metapeyssonnelia species were re—suspended in 1 ml 
of HPLC—quality hexane. Gas chromatography was 
performed using a Hewlett Packard (HP) 6890 series II 
gas chromatograph (GC; Palo Alto, CA) and the mass 
spectrometry (MS) was performed using a HP 5973 Mass 
Detector (MD) with electron impact ionization mode. The 
results were analyzed with the software MSD Chemstation 
E.01.00.237 (Agilent GEt Technologies Inc., Santa Clara, 
CA) and the compounds in each sample were identified 
using 2 libraries: (i) Wiley 275 and (ii) NIST Mass spectral 
search program, version 2.0 d, 2005. 


Laboratory Assays 

Assays utilizing the crude extracts on Millepora complanata 
were conducted on coral fragments that were previously 
acclimatized in an outdoor, shaded water table in individual 
glass dishes with constant seawater flow for 4 days. The 
crude lipophilic and hydrophilic extracts from M. corallepida 
and M. milleporoides were re—suspended in HPLC —grade 
hexane. Hexane was chosen principally as it was previously 
demonstrated that it could be applied to Millepora tissue 
without visual effect. 

For each Metapeyssonnelia species, lipophilic extracts at 3 
concentrations for M. corallepida (0.06 mg/l, 0.04 mg/l, 
and 0.02 mg/ul), and M. milleporoides (0.11 mg/ul, 0.07 mg/ 
ul, and 0.03 mg/ul) were applied to 4 areas on each of 6 
fragments of Millepora corallepida. Hydrophilic extracts from 
both species were also spotted onto 6 Millepora fragments. 
Thus for each species and each concentration, 4 spots 
were applied to a single coral fragment. As a control, 4 
applications of hexane without extract were applied to one 
coral fragment. For all assays, 31 of extract was applied 
with a 5yl micropipette, avoiding tip contact with the coral 
surface. Each application was mapped with transparent 
paper in order to observe subsequent changes in coral 
response at the application sites. To qualitatively assess the 
extract effect on coral tissue, application responses were 
monitored daily for 7 days and a daily photographic record 
was made of each coral fragment. 


Zooxanthellae number 

Loss of coral pigmentation or bleaching in the 
Metapeyssonnelia halo zone is presumably due to stress leading 
to a decrease in zooxanthellae numbers (Hoegh—Guldberg 
and Smith 1989, Jones 1997) or tissue death. In instances in 
which the treatment caused visible lightening of coral tissue, 
and after 7 days following extract application, zooxanthellae 
were enumerated at the site of extract application and at 10 
mm away. Zooxanthellae counts followed removal from coral 
tissue utilizing a pressurized water stream (Water Pick®, Fort 
Collins, CO) filled with filtered seawater. To standardize 
zooxanthellae removal, a flexible plastic template with a 
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25 mm? cut—out was placed on top of the sampled area to 
limit the area of zooxanthellae removal. The water used 
to remove the zooxanthellae was collected in a vial and 
centrifuged at 3000 rpm for 4 min. The seawater was 
discarded carefully and the pellet was re—suspended in 1 
ml of filtered seawater. Zooxanthellae number was counted 
in a hemocytometer. The total number of zooxanthellae is 
expressed as per 25 mm/’. 


RESULTS 

Gas Chromatography and Mass Spectrometry 

The secondary metabolic compounds identified in 
lipophilic and hydrophilic extracts of Metapeyssonnelia 
corallepida and M. milleporoides include 20 secondary 
metabolic products (Table 1). Products from M. corallepida 
and not shared between species were pentanoic acid (methyl 
ester), squalene (terpene), and 5—(hydroxymethyl)—2— 
(dimethoxymethy]) furan 3—methoxycarbonyl—1,1— 
diethyl—2—buten—4—olide (furanone). Compounds from 
M. milleporoides and not shared between species were 
unidentified 10 carbon compounds with chains of 23 to 32 
carbon atoms, 2,4—dit—butyl phenol isobutyl ester (stearic 
acid) and 2(3H)—furanone, dihydro—4, 4—dimethyl— 
(CAS) (furanone). Lipophilic secondary metabolic products 
common to both species were oleic acid, stearic acid, and 
eicosatetraenoic acid. Among hydrophilic compounds, only 
the terpene, phytol, was common to both species. 


Effect of extracts on Millepora 

The highest lipophilic extract concentration from M. 
milleporoides (0.11 mg/l) did not generate a visible effect on 
M. complanata tissue. However, the application of diluted 
extract (0.07 mg/l) generated 3 bleaching areas (Figure 2A) 
and application of 0.03 mg/l extract resulted in 2 bleaching 
responses (Figure 2B). The bleaching areas were similar in 
appearance and measured between 2 and 3 mm in extent. 
The number of zooxanthellae (Table 2) counted within 
each bleaching region for both concentrations did not show 
reduction in the number of zooxanthellae compared to an 
area 10 mm away. However, for the 0.03 mg/l application, 
there was a reduction in zooxanthellae number on the 
affected areas (0.72 x 10° Zoox/25mm_’) compared with 10 
mm away from the lesion (4.14 x 10° Zoox/25mm’). 

Application of lipophilic Metapeyssonnelia corallepida 
extracts (0.06 mg/ul) generated 2 different visible effects 
on the coral tissue (Table 2). One resulted in a lesion of 
necrotic tissue approximately 3 mm in diameter with a 
surrounding bleaching halo (Figure 3A); the other resulted 
in a bleaching area, approximately 5 mm in diameter but 
without any tissue necrosis (Figure 3B). The number of 
zooxanthellae in the bleaching halo surrounding the 
necrotic area was reduced (0.49 x 10° Zoox/25mm_’, Table 
2) compared with an area 10 mm away from the lesion 
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TABLE 1. Secondary metabolic compounds found in lipophilic and hydrophilic extracts of Metapeyssonnelia corallepida and M. milleporoides. 


Compound/Secondary _ Biological effects References 
Metabolic products 
previously reported in algae 


Compound class M. M. 
(compound ID) corallepida milleporoides 


Eicosatetradeconoic acid 


Oleic acid 


2,4—dit—buthyl phenol 


Pentadecanoic acid 


Stearic acid 


Cholesterol 


Furarone: [5— 
(hydroxymethy|)—2— 
(dimethoxymethyl) furan 
3—methoxycarbonyl—1,1— 
diethyl-2—buten—4—olide] 
Furarone: [2(3H)—furanone, 


dihydro—4,4—dimethyl—(CAS)] 


Phytol 


Squalene 


Lipophilic Compounds 


Murraryella periclados 


(Rhodophyta) 


Corallina granifera 


(Rhodophyta) 


Phenol: 
Corallina mediterranea 


(Rhodophyta) 


Corallina granifera 
Centroceras clavatum 
(Rhodophyta) 

Corallina granifera 
(Rhodophyta) 
Chondrus crispus (Rhodophyta) 
Corallina granifera (Rhodophyta) 
Corallina mediterranea 
(Rhodophyta) 
Centroceras clavulatum 


(Rhodophyta) 
Hydrophilic compounds 


Rhodophyta 


Rhodophyta 


Corallina granifera 
Corallina mediterranea 


(Rhodophyta) 


Grateloupia turuturu 
(Rhodophyta) 
Diterpenes pachydictyol A 
and dictyol E: 
Dictyota menstrualis 
(Phaeophyta) 


with molecular signaling 


Eicosanoids in general Gerwick and Bernart 1993 
Hariz et al. 2008 


and inflammation response 


in mammals 


Antibacterial De Rosa et al. 2003 
Venkatesalu et al. 2004 
Not reported De Rosa et al. 2003 
Not reported De Rosa et al. 2003 
Rocha et al. 2011 
Antibacterial Tasende 2000 


McGaw et al. 2002 
Seidel et al. 2004 


Not reported De Rosa et al. 2003 
Rocha et al. 2011 


Halogenated furanones = Maximilien et al. 1998; 


Antibacterial de Nys and Steinberg 2002; 
Bhadury and Wright 2004 
Halogenated furanones Maximilien et al. 1998 
Antibacterial de Nys and Steinberg 2002 
Bhadury and Wright 2004 
Antimicrobial, De Rosa et al. 2003 
antineoplastic Kendel et al. 2012 


Without effect in other Kendel et al. 2012 


organisms 


Inhibit settlement of Schmitt et al. 1995 


Bugula neretina larvae 


(1.18 x 10° Zoox/25mm/’). In other applications in which = DISCUSSION 


there was a bleaching response, zooxanthellae number 
decreased away from the bleaching area. The hydrophilic 
crude extracts from both Metapeyssonnelia species had no 
effect on the coral tissue assayed. Application of the control 
(hexane) also did not result in obvious coral lightening but 
was, however, accompanied by a reduction in zooxanthellae 
number (Table 2, Figure 4). 
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Antonius (1999) referred to Peyssonneliaceae overgrowth 
(PEY) as a disease condition experienced by the coral; how- 
ever, that usage must certainly be regarded as a misnomer 
as the phenomena is the result of a competitive interaction 
as seen in both Metapeyssonnelia corallepida and M. milleporoi- 
des. Lipophilic extracts of M. corallepida and M. milleporoides 
elicited tissue lightening response by Millepora complanata 
that is indistinguishable from tissue lightening in the field 
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in proximity to Metapeyssonnelia. The strongest responses 
by concentrated lipophilic extracts on M. corallepida were 
necrotic tissue at the site of extract application with a light 
ened halo surrounding the necrotic area. Other less concen- 
trated extract applications of both species elicited either a 
lightening or no obvious damage of coral tissue. The necrot 
ic tissue lesion found in this report was similar to a lesion 
observed by de Nys et al. (1991) in a bioassay where a lipo- 
philic compound, cloromertensene, of Plocamium hamatum 
(Rhodophyta) was added to coral fragments. 

All of the 20 secondary compounds identified from 
M. covrallepida and M. milleporoides have been previously 
reported for other Rhodophyta and Phaeophyceae species 
(Rosell and Srivastava 1987, Maximilien et al. 1998, de 
Nys and Steinberg 2002, De Rosa et al. 2003, Kendel et 
al. 2012). Thus no compounds unique to Metapeyssonnelia 
were resolved. A number of the Metapeyssonnelia secondary 
products are known to possess inhibitory activity against 
other organisms. Of these, tetradecanoic acid possesses 
antibacterial properties (Rosell and Srivastava 1987, 
Kendel et al. 2012). Terpenes (Schmitt et al. 1995, Kendel 
et al. 2012) and furanones (Maximilien et al. 1998, 
Bhadury and Wright 2004) have also been reported 
to have allelopathic properties including antibacterial 
(de Nys et al 1998, Da Gama et al. 2002) and antifouling 
activity against macroinvertebrates (Takahashi et al. 2002) 
including coral (Rasher et al. 2011). The terpene derivates 
squalene and phytol were common to both Metapeyssonnelia 
species. Additionally, 2 specific furanones were found in 
M. corallepida (5—(Hydroxymethyl)—2—(dimethoxymethy]l) 
furan 3—  methoxycarbonyl—1,1—diethyl_2—buten—4— 
olide) and another in M. milleporoides (2(3H)—furanone, 
dihydro—4,4—dimethyl)—(CAS)) — extracts. | Furanones 
are also compounds that have been reported as having 
inhibitory activity against fouling organisms (Dworjanyn et 
al. 2006). 

While the purified secondary products were not assayed 
against Millepora, the application of crude Metapeyssonnelia 
extracts did elicit response by Millepora. At best this is a 


FIGURE 2. Bleaching of Millepora complanata after application of 
lipophilic extract of Metapeyssonnelia milleporoides. A. 0.07 mg/pl 
lipophilic extract. Arrows indicate bleaching areas generated in 3 of 4 
applications. B. 0.03 mg/pl lipophilic extract. Arrows indicate bleaching 
areas generated in 2 of 4 applications. 


crude approximation of what occurs in nature. We do not 
know the concentration of compounds released by the algae 
in contact with the coral nor how long those compounds are 
active following release. Furthermore, the alga is probably 


TABLE 2.Response to application of lipophilic extracts of Metapeyssonnelia corallipeda and M. milleporoides lipohilic extracts on Millepora complanata. 


Zooxanthellae counts were not made if experimental extract application did not have a tissue lightening response. Zoox = zoozanthellae 


Species Concentration Number of 
positive reactions 


M. corrallepida 0.06 Z 
0.04 0 
0.02 0) 
M. milleporoides 0.11 0 
0.07 3 
0.03 2 
Hexane Control 0 


Zoox/25mm? x 10° Zoox/25mm? x 10° 
(10 mm away from affected area) 
0.49 1.18 
2.62 + 0.21 2.44 + 0.56 
AMA. LAO O72 O28 
0.34 — 0.80 — 
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FIGURE 3. Application of 0.06 mg/pl lipophilic extract of Metapeyssonnelia corallepida to Millepora complanata. A. Necrotic tissue (arrowhead) and 
bleaching halo (arrow) generated in 2 of 4 applications. B. Bleaching area (arrow). 


releasing small amounts of active chemicals continuously 
over time. This can easily be envisioned as having a stronger 
effect than the single application that we employed. Killing 
or weakening coral tissue by the production of allelopathic 
substances may abet subsequent overgrowth. 


FIGURE 4. Millepora complanata fragment used as control and inoculated 
with 4 applications of hexane without extract. 


At the outset, we assumed that tissue lightening follow- 
ing application of crude Metapeyssonnelia extracts could be 
quantified by zooxanthellae number. Lightening without de- 
crease in zooxanthellae numbers may also occur with loss 
of pigmentation by zooxanthellae (Hoegh—Guldberg and 
Smith 1989) or sharp retraction of coral tissue into the coral 
skeleton (Brown et al. 1994). Even though changes in the 
number of zooxanthellae as a result of tissue lightening were 
not as expected, it is clear that lipophilic extracts of Metapeys- 
sonnelia corallepida and M. milleporoides did cause lightening 
of Millepora complanata tissue in the areas where the extracts 
were applied, similar to that seen in the field. We believe 
that one or more of the secondary metabolites identified in 
this study, possibly acting synergistically, were responsible 
for these results. 

The release of allelopathic compounds has been invoked 
as an explanation of tissue damage of corals in direct con- 
tact with macroalgae. While probably correct for all cases, 
the evidence for allelopathy is mostly correlative. We feel that 
the response by Millepora tissue to Metapeyssonnelia extracts 
provides further experimental evidence that allelopathy is the 
underlying cause for these interactions and that chemical in- 
teractions are an important process in coral reef algal ecology. 
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ABSTRACT: Diets of two coastal sharks, Atlantic Sharpnose Shark (Rhizoprionodon terraenovae) and Bonnethead (Sphyrna tiburo), were exam- 
ined along the Texas and Alabama coasts in the northern Gulf of Mexico (GOM). Atlantic Sharpnose Sharks were collected from the northwest 
(n= 209) and northcentral (n= 245) GOM regions while Bonnetheads were collected from two locations within the northwest GOM (Galveston, 
Texas, n= 164; Matagorda, Texas, n= 79). Dietary analysis was conducted using stomach contents identified to the lowest taxonomic level, which 
were quantified using the index of relative importance (IRI) and non—parametric statistical analyses. Atlantic Sharpnose Sharks were revealed to 
be primarily piscivorous, with an overall %IRI of 79.76% for teleost fishes. Bonnetheads were shown to prey primarily on crustaceans (90.94% IRI), 
mainly crabs (22.06% IRI). Diets for Atlantic Sharpnose Sharks and Bonnetheads were evaluated by region and ontogeny, where variations by 
ontogeny were examined based on length at 50% maturity (L,,) values, delineating mature from immature individuals. Atlantic Sharpnose Sharks 
and Bonnetheads showed a decrease in dietary prey species richness from juveniles to adults using %IRI. Regional dietary differences existed with 
Atlantic Sharpnose Sharks from the northwest GOM consuming more crustaceans than conspecifics from the northcentral GOM. Bonnetheads col- 
lected from Galveston, TX consumed more crab than Bonnetheads from Matagorda, TX, while Bonnetheads from Matagorda, TX displayed a diet 
with higher prey species richness. Our results highlight differences in diets of two common shark species at both local and regional spatial scales. 


KEYWORDS: stomach contents, feeding ecology, coastal sharks 


INTRODUCTION 

Predators play a critical role in the structure and function 
of marine ecosystems (Baum and Worm 2009). Removal of 
these predators, such as sharks, can cause negative effects 
on population structure and cascade to lower trophic levels 
throughout the food web (Heithaus 2008). Consequently, 
examining diets of predators can provide information about 
how an ecosystem functions and can potentially be affected 
by changing biotic and abiotic factors. 

Quantification and description of diets of mesopredators 
can aid greatly in understanding geographical or seasonal 
changes in prey abundance and overall ecosystem connec 
tivity (Cortés 1997). Spatial variability of prey abundance is 
common across marine ecosystems and can drive the distri- 
bution of predators (Kinney et al. 2011). However, common 
mesopredators that are ubiquitous throughout a system may 
exhibit temporal variability within their diet based on prey 
availability (Drymon et al. 2012). Geographic separation 
among populations of shark species that display regional 
variation in diet, such as the Atlantic Sharpnose Shark (Rhi- 
zoprionodon terraenovae) (Drymon et al. 2012, Delorenzo et al. 
2015) and Bonnethead (Sphyrna tiburo) (Bethea et al. 2007), is 
important to consider when describing dietary preferences. 

Atlantic Sharpnose Sharks and Bonnetheads are abun- 
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dant mesopredators in the northern Gulf of Mexico (GOM) 
(Drymon et al. 2010), share similar distributions (Drymon 
et al. 2013), and account for a large percentage of annual 
small coastal shark landings (Cortes 2005, 2009). Atlantic 
Sharpnose Sharks range from New Brunswick, Canada in 
the north to the Yucatan Peninsula in the south, including 
the GOM (Castillo—Geniz et al. 1998, Parsons and Hoffmay- 
er 2005). Bonnetheads also have a widespread distribution, 
occurring in the coastal subtropical and tropical waters of 
the Pacific and Atlantic oceans surrounding the Americas 
(Castillo—Geniz et al. 1998). Both species are widely distrib- 
uted throughout the GOM and undergo seasonal migrations 
that vary regionally and temporally (Parsons and Hoffmayer 
2005). Atlantic Sharpnose Sharks and Bonnetheads exhibit 
similar life history traits, including small litter sizes and slow 
population growth rates (Castillo—Geniz et al., 1998; Fowler 
et al. 2005) making them vulnerable to overfishing. While 
frequently caught in recreational fisheries, these species also 
play an important role in commercial and artisanal fisher- 
ies. Atlantic Sharpnose Sharks account for 33% and 46% 
of annual small coastal shark commercial landings in the 
southeastern United States and annual small shark artisanal 
landings in Mexico, respectively (Cortés 2009). Bonnetheads 
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share a similar commercial importance and account for 
50% of annual small coastal shark commercial landings in 
the southeastern United States and 15% of annual small 
shark artisanal landings in Mexico (Cortés 2005). A recent 
survey found Atlantic Sharpnose Sharks and Bonnetheads 
were the two most—captured shark species in the southern 
GOM off the coasts of Tabasco, Campeche, and Yucatan, 
Mexico (Pérez—Jiménez and Mendez—Loeza 2015). 

Dietary information can be found for both Atlantic 
Sharpnose Sharks and Bonnetheads, but is limited in the 
northwest GOM. Atlantic Sharpnose Shark diets have been 
reported from the northcentral and northeastern GOM 
and contain a mixture of crustaceans, squid, and fish with 
fish as the primary dietary component (Bethea et al. 2004, 
Bethea et al. 2006, Drymon et al. 2012, Plumlee and Wells 
2016). Bonnethead diets have also been evaluated in the 
northeastern GOM and northern Brazil with a specialized 
diet dominated by crustaceans, specifically Callinectes spp. 
crabs (Lessa and Almeida 1998, Bethea et al. 2007). Plant 
material has been observed in Bonnethead diets throughout 
all life stages (Cortés et al. 1996, Lessa and Almeida 1998, 
Bethea et al. 2007, Haman et al. 2012) where its presence 
may be due to incidental ingestion during pursuit of prey 
(Cortés et al 1996). 

Stomach content analysis is an effective tool to evaluate 
trophic interactions and provide snapshots of important 
prey items in the diets of predators (Cortés 1999). Given 
their ubiquity and commercial importance in the GOM, the 
goals of this study were to examine the feeding patterns of 
Atlantic Sharpnose Sharks and Bonnetheads along coastal 
regions of the northern GOM. The first objective was to use 
stomach content analysis to quantify the diets and identify 
the most important prey items to each species. Secondly, 
spatial and ontogenetic differences were examined. For 
Atlantic Sharpnose Sharks, diets were compared between 
the northwest and northcentral GOM (i.e. regional com- 
parison) while Bonnethead diets were compared within the 
northwest GOM (Galveston, TX and Matagorda, TX, local 
comparison). Ultimately, quantifying and understanding 
the diets of two abundant shark species that reside in coastal 
waters of the northern GOM will provide a better under- 
standing of species interactions and food web structure, 
which can be incorporated into ecosystem—based fisheries 
management plans. 


MATERIALS AND METHODS 

Sample Collections 

Atlantic Sharpnose Sharks were collected from 2 regions 
in the GOM: northwest (off Galveston, TX) and northcen- 
tral (off Mobile, AL; Figure 1). Bonnetheads were opportu- 
nistically collected from 2 locations within the northwest 
GOM (Galveston and Matagorda, TX; Figure 1). All speci- 
mens from Galveston were obtained through recreational 
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FIGURE 1. Map highlighting collection sites of Atlantic Sharpnose Shark 
and Bonnethead in the northern Gulf of Mexico. Dots indicate Mobile, AL, 
Galveston, TX, and Matagorda, TX from east to west. 


headboat and private fishing vessels from April through Oc 
tober 2013. Shark stomach samples from Matagorda were 
collected from April to November 2013 through seasonal 
gill net sampling by the Texas Parks and Wildlife Depart 
ment (TPWD). Stomach samples from the northwest GOM 
were removed onsite with data recorded for every specimen 
including total length (TL), fork length (FL), pre—caudal 
length (PCL), sex, and date of collection. Information such 
as trip time and bait type was obtained through personal cor- 
respondence with anglers and also recorded to ensure that 
sharks were captured within the region and that bait was 
not included in dietary calculations. Stomachs were trans- 
ported to the laboratory where they were transferred into 
a 10% formalin solution for a minimum of 48 h, followed 
by a transfer to 70% ethanol for preservation until process- 
ing. Samples from the northcentral GOM were collected by 
longline surveys from 2006—2008 in the coastal waters of 
Alabama. A random stratified block design was used with 
4 blocks, 2 west of 88° W and 2 east of 88° W, extending 
37 km east to west from the shoreline to the 20 m isobaths 
as described in Drymon et al. (2012). Longlines were set for 
1 h and sampling was replicated within each block along 3 
depths: 0O—5 m, 5—10 m, and 10—20 m. Six stations in one 
of the eastern and one of the western blocks were selected at 
random for monthly sampling. Measurements for samples 
from the northcentral GOM included weight, TL, FL, and 
PCL. Stomachs were removed and either frozen on the ves- 
sel or placed on ice and frozen upon return to the labora- 
tory until processing. 

Processing 

Stomachs were processed in the laboratory using stan- 
dard techniques. All stomachs were weighed (wet weight) 
to the nearest 0.1 g. Contents were then extracted with a 
series of 3 metal sieves with mesh sizes of 1.3 cm, 1400 um, 
500 um, and a metal basin. Any material left in the metal 
basin was then run through a smaller sieve with mesh size of 
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50 um and included as unidentified material. Contents in 
the remaining 3 sieves were placed in dissection trays to be 
sorted into respective groups. Stomach contents obtained 
from sharks caught by hook and line fishing from Galves- 
ton, TX were evaluated for hook holes and cross—referenced 
with information from angler interviews for identification 
of bait. Atlantic Mackerel was used as bait in sample collec- 
tions from Mobile, AL. All contents identified as bait were 
not included in analysis. Prey items were identified to the 
lowest taxonomic level and cumulative prey curves (CPC) 
were developed for Atlantic Sharpnose Sharks and Bonnet- 
heads from each region and location based on the number 
of prey items relative to the number of stomachs analyzed 
(Ferry and Cailliet 1996). 

Data Analysis 

Stomach contents were analyzed using standard metrics, 
including percent weight (YW), percent number (%N), per 
cent frequency of occurrence (%QO), and the index of rela- 
tive importance (IRI) expressed as a percentage (%IRI). The 
IRI was determined as IRIF%O*(%0N + %W) where %N 
is the number of items in a given stomach divided by the 
total number of items in that stomach, %W is the weight 
of a given item in a stomach divided by the total weight of 
the contents in that stomach, and %O is the number of 
stomachs that item occurred in divided by the total num- 
ber of stomachs examined. To calculate IRI, the %N and 
%W were summed across all samples for each prey category. 
%IRI was then calculated as the IRI of a given prey item 
divided by the total IRI of all prey items. For further com- 
parison, the %IRI data for each species was analyzed as a 
function of region and ontogeny. Atlantic Sharpnose Shark 
stomach contents were compared on a regional spatial scale 
between the northwest and northcentral GOM. Bonnet- 
head data were compared on a local spatial scale within the 
northwest GOM (Galveston and Matagorda, TX). Changes 
in dietary habits with ontogeny were also investigated for 
each species based on length at 50% maturity (L,,) values to 
delineate immature from mature individuals (Carlson and 
Parsons 1997, Lombardi—Carlson et al. 2003, Fowler 2005, 
Hoffmayer et al. 2013, Frazier et al. 2014). 

Further statistical analysis of stomach contents was ac- 
complished using permutational analysis of variance (PER- 
MANOVA) models. PERMANOVA models were based 
on a Bray—Curtis resemblance matrix and run using an 
unrestricted permutation of untransformed data. Stomach 
content analysis was accomplished by organizing the taxo- 
nomic groups found within the stomachs into higher cat- 
egories. Highest level taxon was achieved at the subphylum 
and infraclass level (Teleostei, Crustacea, and Cephalopoda) 
while less common taxa were grouped into Other (Echino- 
dermata, Bivalva, Gastropoda, indigestible material, and al- 
gae). When possible, prey items within the higher groups, 
Teleostei and Crustacea, were further classified using prey 
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FIGURE 2. Cumulative prey curves generated for each shark species 
by region and location. A. Atlantic Sharpnose Shark (northwest Gulf of 
Mexico (GOM)). B). Atlantic Sharpnose Shark (northcentral GOM). 
C).Bonnethead (Galveston, TX). D. Bonnethead (Matagorda, TX). 
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groupings similar to those described in Bethea et al. (2004) 
and Bethea et al. (2007). Prey groupings included epiben- 
thic teleost, pelagic teleost, penaeid shrimp, brachyuran, 
other crustaceans, cephalopods, and other (echinoderms, 
bivalves, gastropods, indigestible material, and algae). Un- 
identified material from groups Teleostei and Crustacea 
were removed from this analysis. Redefining the prey group- 
ings excluded samples that had stomach contents only con- 
taining unidentified teleosts or crustaceans for both Atlantic 
Sharpnose Sharks (northwest GOM n = 88 and northcen- 
tral GOM n = 41) and Bonnetheads (Galveston Bay n 
135 and Matagorda Bay n = 63), yet increased taxonomic 


resolution of specifically important taxa to each species and 
region. Percent weight (%W) for each taxonomic group was 
used in these analyses given its significance in quantifying 
nutritional contribution (Rooker 1995). Similarity percent 
age (SIMPER) metrics were calculated to qualitatively deter- 
mine differences of prey group contributions among factors. 
Significance was assessed at a < 0.05, and all tests were run 


in PRIMER v.7 (Clarke and Gorley 2015). 


RESULTS 

A total of 697 stomach samples throughout the north- 
ern GOM were collected during this study. For Atlantic 
Sharpnose Sharks (n = 454), 209 were collected from the 
northwest GOM and 245 were collected from the northcen- 
tral GOM. For Bonnetheads (n = 243), 164 were collected 
from Galveston, TX while 79 were collected from Matago- 
rda, TX. Cumulative prey curves indicated that each species 
and region had CPCs trending towards or meeting defined 
asymptotes (Figure 2). 

Both Atlantic Sharpnose Sharks and Bonnetheads were 
collected across a wide range of sizes. Atlantic Sharpnose 
Sharks ranged in size from 36.7 — 90.5 cm FL with a mean 


size of 71.8 + 13.0 cm FL (Figure 3). A total of 119 juveniles 
and 335 adults were collected; 4 juveniles and 205 adults 
from the northwest GOM and 115 juveniles and 130 adults 
from the northcentral GOM. The mean weight of the stom- 
ach contents was 14.7 g, and 129 (18.5%) stomachs were 
empty. Bonnetheads had an mean length of 78.0 + 11.9 cm 
FL and ranged in length from 49.0 — 102.0 cm FL (Figure 
3). A total of 243 Bonnethead samples were collected; 126 
adults and 38 juveniles from Galveston, TX and 23 adults 
and 54 juveniles from Matagorda, TX. Two individuals from 
Matagorda, TX lacked information on sex. Bonnetheads had 
a mean stomach content weight of 26.5 g, with one (0.4%) 
empty stomach. Among all stomach contents, 41 individual 
taxonomic groups were identified and 15 were identified to 
the species level. Atlantic Sharpnose Sharks had prey items 
representing 38 taxonomic groups, while Bonnetheads con- 
tained prey from 20 taxonomic groups. 

Atlantic Sharpnose Shark diets consisted primarily of te- 
leost fish (79.76% IRD with contributions from crustaceans 
(8.09% IRI), cephalopods (2.58% IRI) and other material 
(10.61% IRI; Table 1, Figure 4). In lower taxonomic group- 
ings, contributions came from teleost families such as Sci- 
aenidae (0.19% IRI), Clupeidae (0.12% IRI), Engraulidae 
(0.08% IRI), Atherinidae (0.08% IRI), and Triglidae (0.04% 
IRI). Species identified included Gulf Menhaden (Brevoortia 
patronus, 0.14% IRI), Atlantic Cutlassfish (Trichiurus lepturus, 
0.04%IRD, and Atlantic Croaker (Micropogonias undulatus, 
0.01% IRD). 

Atlantic Sharpnose Sharks from the northwest GOM 
had a diet primarily composed of teleost fish (77.61% IRI) 
and crustaceans (14.38% IRI). There were contributions 
from sciaenids (0.50% IRI), Gulf Menhaden (0.40% IRI), 
penaeid shrimp (3.05% IRI), and unidentified cephalopods 
(2.70% IRI). Diets of juvenile Atlantic Sharpnose Sharks 
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TABLE 1. Atlantic Sharpnose Shark diet content by prey species category. Data expressed as percentage of Index of Relative Importance (%IRI). 


Taxonomic Identified Lowest Taxonomic Northcentral GOM Northwest GOM 
Group Group Group 
Overall Total Juvenile Adult Total Juvenile Adult 
%IRI %IRI %IRI %IRI %IRI %IRI %IRI 
Teleost 79.76 78.26 74.33 79.34 77.61 26.41 78.35 
Unidentified Teleost 32.38 17.69 15.76 18.52 44.35 3.48 45.27 
Sciaenidae 0.19 0.01 0.01 0.50 0.51 
Menticirrhus spp. <0.01 - - 0.01 - 0.01 
Menticirrhus littoralis <0.01 <0.01 7.07 - 
Cynoscion arenarius <0.01 - - <0.01 <0.01 
Micropogonias undulatus 0.01 0.02 0.05 <0.01 <0.01 
Serranidae <0.01 0.01 0.01 
Lutjanidae <0.01 - - 0.01 0.01 
Lutjanus campechanus <0.01 0.01 0.05 <0.01 <0.01 
Scombridae <0.01 <0.01 <0.01 
Carangidae <0.01 0.01 0.01 
Chloroscombrus chrysurus <0.01 <0.01 0.01 
Trichiuridae - - - 
Trichiurus lepturus 0.04 Q:12 0.12 
Gobiidae - - - 
Gobioides broussonetii <0.01 <0.01 <0.01 
Sparidae - - - 
Archosargus probatocephalus <0.01 <0.01 <0.01 
Paralichthyidae <0.01 - <0.01 <0.01 
Clupeidae 0.12 0.01 0.02 0.28 0.29 
Brevoortia patronus 0.14 - - - 0.40 0.41 
Engraulidae 0.08 0.12 0.70 <0.01 0.05 0.05 
Mugilidae <0.01 - - - <0.01 <0.01 
Ariidae <0.01 <0.01 0.02 - <0.01 <0.01 
Atherinidae 0.08 0.50 0.07 0.89 
Triglidae 0.04 0.18 0.03 0.31 
Symphurus plagiusa <0.01 0.01 0.07 - - - - 
Crustacea 8.09 1.95 4.64 0.94 14.38 66.63 13.66 
Unidentified Crustacea 0.59 - - - 1.73 B24 1.70 
Penaeidae 1.72 0.38 1.47 0.08 8:05 41.60 2.72 
Sicyoniidae - - - - - 
Sicyonia brevirostris 0.01 0.04 0.07 0.02 - - 
Unidentified Brachyura 0.18 0.16 0.54 0.05 0.19 0.20 
Portunidae 0.01 0.01 0.02 
Callinectes similis 0.01 0.03 0.03 
Xanthidae <0.01 - - - - - - 
Stomatopoda 0.15 0.28 0.93 0.09 0.10 5.13 0.07 
Squilla empusa <0.01 - - - <0.01 - <0.01 
Cephalopoda 1.54 0.47 2.91 0.01 2.58 5.28 2.51 
Unidentified Cephalopoda 0.02 0.19 0.96 0.01 - - - 
Unidentified Teuthoidea 0.91 - - 2.70 5.28 2.51 
Loliginidae <0.01 0.01 0.07 - - - - 
Other 10.61 19.32 18.12 19.71 5.44 1.68 5.48 
Gastropoda <0.00 0.01 0.03 - - 
Algae <0.01 <0.01 <0.01 


from the northwest GOM were mixed between teleost 
(26.41% IRI), crustaceans (66.63% IRI), and cephalopods 
(5.28% IRI) and adults shared the same primary compo- 
nents with a diet shift to a higher contribution from teleosts 
(78.35% IRI), and lower contributions from crustaceans 
(13.66% IRD) and cephalopods (2.51% IRI). 

In the northcentral GOM, Atlantic Sharpnose Sharks 
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showed a more teleost—dominated diet (78.26% IRI) with 
a lower contribution from crustaceans (1.95% IRD) and a 
larger amount of the other category (19.32% IRI). Juveniles 
from the northcentral GOM had contributions from teleosts 
(74.33% IRD), crustaceans (4.64% IRI), and other (18.12% 
IRI), while adults shifted primarily to teleosts (79.34% IRI) 
and other (19.71% IRI; Table 1). Other regional differences 
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included the presence of fish from families Clupeidae and 
Trichiuridae in the northwest GOM in contrast to fish from 
families Atherinidae and Triglidae present only from sam- 
ples in the northcentral GOM. 

Bonnethead diets were composed almost entirely of crus- 
taceans (90.94% IRI) with a small contribution from other 
(8.11% IRD), primarily consisting of algae (7.44% IRI; Table 
2, Figure 4). Among prey identified to lower taxonomic 
levels, contributions included unidentified brachyurans 
(22.06% IRI), blue crab (Callinectes sapidus) (2.19% IRI), 
and stomatopods (2.35% IRI). Bonnetheads from Galves- 
ton, TX showed a large dietary contribution of crustaceans 
(94.61 %IRI) with only algae (4.22% IRI) within the other 
category contributing more than 1% IRI. Between juve- 
nile and adult Bonnetheads in Galveston, TX crustaceans 
remained the major contributor (96.59% IRI and 92.41% 
IRI, respectively) and there was a decrease in the contribu- 
tion from teleosts (1.87% IRI juvenile and 0.45% IRI adult) 
and an increase in the contribution from other material 
(1.21% IRI juvenile and 6.45% IRI adults) with increasing 
size and age. In Matagorda, TX, crustaceans contributed 
most to the diet (79.67% IRI), but there was a large increase 
in the observed contribution of other (19.78% IRI) com- 
pared to Galveston, TX. Ontogenetically, Bonnetheads from 
Matagorda, TX showed an increase in 
the contribution of crustaceans from 


juveniles to adults (77.83% IRI and "a 
81.81% IRI, respectively), while the 
contribution from other material a 
decreased (21.46% IRI juveniles and 
16.74% IRI adults; Table 2). 
Significant differences between At- 
lantic Sharpnose Sharks and Bonnet- " 
heads existed using the overall prey 
species taxonomic groupings from ray 
all sharks combined (PERMANOVA; 
Pseudo—F = 320.27, permutated p— 7 
value < 0.05), and prey species sub— Y 
groupings from samples that did not => 
; ae Oo 
solely contain unidentified teleosts 
and crustaceans (Pseudo—F = 102.32, 100 
permutated p—value < 0.05). Tele- 
ost was most important for Atlantic 3 
Sharpnose Sharks versus Bonnet 
heads (SIMPER; mean + sd dissimi- 7 
larity = 33.86 + 1.59) and crustacean 
was most important for Bonnetheads rs 
versus Atlantic Sharpnose Sharks 
(SIMPER; dissimilarity = 33.70 + 7 
1.66 sd). Further analysis using sub— 
groupings (epibenthic teleost, pelagic ’ 


teleost, penaeid shrimp, brachyuran, 
other crustaceans, cephalopods, and 


Northwest GOM 


Atlantic sharpnose shark 


Galveston, TX 
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other) indicated that the group most differentiating Atlan- 
tic Sharpnose Sharks from Bonnetheads was pelagic tele- 
osts (SIMPER; dissimilarity = 13.22 + 0.63), whereas the 
prey category most separating Bonnetheads from Atlantic 
Sharpnose Sharks was crabs (SIMPER: dissimilarity = 34.23 
+ 1.79). 

Regional differences in Atlantic Sharpnose Shark diet 
were found between individuals collected in the north- 
west vs. the northcentral GOM using overall groupings 
(PERMANOVA,; Pseudo—F = 3.82, permutated p—value < 
0.05); however, not for prey species sub—groupings (PER- 
MANOVA; Pseudo—F = 1.83, permutated p—value > 0.05). 
Specifically, higher %W of teleost prey was found in the 
northcentral GOM compared to the northwest GOM 
(SIMPER; dissimilarity = 20.81 + 0.95) and higher %W of 
crustaceans in the northwest GOM (SIMPER; mean abun- 
dance 29.80%) relative to the northcentral GOM (SIMPER; 
mean abundance 18.10%). For Bonnetheads, no significant 
location effect was found between sharks collected from 
Galveston, TX and Matagorda, TX using overall prey species 
groupings (PERMANOVA, Pseudo—F = 2.98, permutated 
p—value > 0.05); however, a significant location effect was 
found for sub—groupings excluding unidentified Teleost 
and unidentified Crustaceans (PERMANOVA, Pseudo—F = 
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FIGURE 4. Percent 
index of relative impor- 
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nomic prey groups of 
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TABLE 2. Bonnethead diet content by prey species category. Data expressed as percentage of Index of Relative Importance (%IRI). 


Taxonomic Identified Lowest Taxonomic Matagorda, TX Galveston, TX 
Group Group Group 
Overall Total Juvenile Adult Total Juvenile Adult 
%IRI %IRI %IRI %IRI %IRI %IRI %IRI 
Teleost 0.56 0.23 0.02 0.99 0.74 1.87 0.45 
Unidentified Teleost Othe) O24 0.02 0.84 0.41 0.50 0.35 
Sciaenidae <0.01 . . . <0.01 0.03 - 
Clupeidae <0.01 <0.01 0.04 - 
Brevoortia patronus <0.01 <0.01 - 0.01 
Mugilidae <0.01 - - - <0.01 0.05 - 
Crustacea 90.94 79.67 77.83 81.81 94.61 96.59 92.41 
Unidentified Crustacea 6.19 4.76 4.86 : 6.73 4.78 8.40 
Penaeidae 0.10 0.03 0.11 0.14 0.01 0.20 
Penaeus setiferus 0.01 0.01 0.06 - <0.01 - 0.04 
Unidentitied Brachyura 22.06 16.87 L195 29.69 24.24 18.43 25.90 
Portunidae 1.23 1.64 2.20 0.28 1.00 4.69 O-37, 
Callinectes sapidus Brilae. 2.02 6.49 : 222 3.62 1.97 
Callinectes similis 0.10 0.04 0.09 0.12 0.05 0.16 
Xanthidae 0.02 0.02 0.10 - 0.02 0.09 0.03 
Stomatopoda 2:35 2.4] 2.56 1.96 2.27 258 2.47 
Squilla empusa 0.06 0.06 0.24 - 0.07 0.02 Os? 
Cephalopoda 0.39 0.31 0.69 0.46 0.42 0.32 0.69 
Unidentified Cephalopoda 0.03 0.31 0.69 0.46 - - - 
Unidentified Teuthoidea 0.20 . . . 0.42 0.51 0.58 
Other 8.1] 19.78 21.46 16.74 4.23 121 6.45 
Bivalvia <0.01 0.01 0.04 . . : 
Gastropoda 0.01 <0.01 - - - - - 
Algae 7.44 18.14 4.31 15.10 4.22 4.04 4.36 


5.65, permutated p—value < 0.05). The most important prey 
groups contributing to the differences in Bonnetheads were 
higher %W of crab in Galveston, TX versus Matagorda, TX 
(SIMPER; dissimilarity = 19.70 +£1.04) and higher %W of 
other in Matagorda, TX relative to Galveston, TX (SIMPER; 
dissimilarity = 12.65 + 0.68). 


DiscussION 

Differences in the diets of 2 co-occurring mesopredators 
were demonstrated, suggesting some degree of resource par- 
titioning. Atlantic Sharpnose Sharks and Bonnetheads in 
this study displayed distinct dietary contributors, fish and 
crab, respectively. Atlantic Sharpnose Shark diets contained 
a wider range of prey items while Bonnetheads displayed a 
specialized diet of crustaceans, primarily consisting of crabs. 

Atlantic Sharpnose Shark diets in the northwest and 
northcentral GOM displayed a propensity for teleost fish, 
but higher contributions from both crustaceans and cephalo- 
pods occurred in the northwest GOM. Previous studies have 
shown similar dietary variations suggesting a generalist diet 
for Atlantic Sharpnose Sharks with fish as the primary con- 
tributor (Gelsleichter et al. 1999, Bethea et al. 2006, Drymon 
et al. 2012). Further analysis of Atlantic Sharpnose Shark 
diets showed a reduction in dietary species richness from ju- 
veniles to adults. A large loss in the dietary contribution of 
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crustaceans and squid in both regions suggests a refinement 
in diet with maturity, which is supported from previous find- 
ings (Bethea et al. 2007, Plumlee and Wells 2016). Minor 
differences between regions were observed at the teleost fam- 
ily level between the northwest and northcentral GOM. Re- 
gional variance in the dietary composition of teleost prey in 
Atlantic Sharpnose Sharks is frequently documented (Barry 
2002, Bethea et al. 2006, Drymon et al. 2012) and likely re- 
lated to the fish assemblage of a given ecosystem. Due to the 
high diversity of contents found in Atlantic Sharpnose Shark 
stomachs, our findings suggest Atlantic Sharpnose Sharks in 
the northwest and northcentral GOM are generalist preda- 
tors, consuming a wide range of prey items that are likely 
dependent on the prey species composition of the region in 
which they are found. 

Bonnetheads showed a consistent diet composed almost 
entirely of crustaceans with similar contributions, both geo- 
graphically and ontogenetically, from Portunid crabs, xan- 
thid crabs, and stomatopods. The results from this spatial 
comparison support and elucidate results from previous 
studies in other regions (Cortés et al. 1996, Lessa and AL 
meida 1998, Bethea et al. 2007) showing that blue crabs (Cal 
linectes spp.) were the dominant dietary prey species for Bon- 
netheads. Samples collected from Galveston had a higher 
presence of penaeid shrimp and a lower presence in the cat- 
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egory other compared to samples from Matagorda, though 
these differences can be considered negligible. Bay systems, 
such as those found in Matagorda and Galveston, TX, serve 
as nursery grounds to many crustacean species (Beck et al. 
2001, Minello et al. 2008). The slight differences observed 
in Bonnethead stomach contents between these 2 locations 
are most likely influenced by the variety of crustacean spe- 
cies that utilize these areas as nursery grounds. Nevertheless, 
the crustacean assemblages near each bay system evaluated 
in this study had little effect on the overall diet composi- 
tion. Bonnetheads within the northwest GOM have been 
confirmed to be specialized predators showing little to no 
dietary variation beyond Callinectes spp. crabs. 

The observed dietary differences are also driven by mor- 
phology. Many crustacean prey items found in Bonnethead 
stomachs in this study were comparatively large, whole, and 
easily identified to lower taxonomic levels. Bonnetheads 
have a highly modified head structure characteristic of the 
family Sphyrnidae (hammerhead family). The enlarged 
cephalofoil offers an enhanced electro—sensory system 
compared to sharks in the family Carcharhinidae (requiem 
sharks), which is used to detect concealed prey items (Mc- 
Comb et al. 2009). Bonnetheads also display an enlarged 
maximum gape but a lower maximum bite force (Wilga and 
Motta 2000, Mara et al. 2010, Rice et al. 2016). This, along 
with posterior molariform teeth, asynchronous muscle ac- 
tivity, tooth reorientation during biting, and prolonged jaw 


adductor activity patterns, allows for prey crushing and suc- 
tion during feeding, making the Bonnethead an extremely 
efficient durophagous predator (Mara et al. 2010). Carcha- 
thinid sharks, such as Atlantic Sharpnose, lack many of 
these traits, allowing Bonnetheads to exploit preferred prey 
items (crabs) more effectively and reduce the amount of 
competition from similar sized sharks. 

Atlantic Sharpnose Sharks have been found to be pe- 
lagic, generalist predators with consistent, fish—dominated 
diets and varied contributions of taxa based upon region of 
collection (Drymon et al. 2012). In contrast, Bonnetheads 
demonstrate more benthic, specialized feeding strategies 
with consistent diets among various regions (Cortés et al. 
1996, Lessa and Almeida 1998, Bethea et al. 2007, Bethea 
et al. 2011, Haman et al. 2012). This study evaluated the 
diets of these two species at spatial scales not previously 
compared and found similar results to studies conducted 
in singular locations. Analysis beyond traditional stomach 
contents (e.g., DNA barcoding) would likely increase resolu- 
tion and provide insight on the prevalence of prey species in 
the diets of sharks, which may be dependent on ecosystem 
assemblages in a given region. Regional comparisons of the 
diets of common sharks allow for more extensive evalua- 
tions of species—wide dietary preferences. Such evaluations 
are important to further the understanding of the role of 
predators in marine ecosystems, information crucial to ef- 
fective ecosystem—based fisheries management. 
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ABSTRACT: The ecological integrity and overall health conditions of natural coastal systems are largely based upon the balance among physical 


processes. The objective of this study was to assess the effects of tides and winds on the water level variability, circulation patterns, and turnover 


time in Bahia de la Ascension (BA), a shallow, tropical coastal bay in the Mexican Caribbean prone to the influence of Trade winds due to its 


geographical location. The analysis of the hydrodynamics of BA using a 2D numerical model indicates that the tidal flow in the inlets and central 


basin of the bay vary by tidal phase. An averaged seawater inflow through the south inlet and outflow through the north inlet is observed for every 


simulated case, while peak instantaneous current velocities are evident in the northern entrance. Winds play a dominant role in the water turnover 


from the system’s interior to the main bay. The model shows an average turnover time of 45 days for the whole bay, with shorter turnover when Trade 


winds impart stress along the main northeast- southwest axis in the bay. Since the tidal signal is attenuated in the southwest endpoint of the bay, the 


relevance of winds in the transport phenomena was considered fundamental to preserve the ecological heterogeneity of BA. 


KEYWORDS: numerical model, residual flow, flushing time, Yucatan Peninsula, western Caribbean. 


INTRODUCTION 

The coastal oceanographic phenomena exert a main con- 
trol over the hydrology of tropical estuaries, lagoons, and 
bays. Because of the variable open—boundary nature in these 
shallow ecosystems coastal hydrodynamics modulates their 
water exchange with the sea, and consequently, the rate and 
magnitude of key processes (e.g., salt and nutrient fluxes; 
Hench et al. 2008). The energy supplied by tides represents a 
salient forcing controlling the mixing and transport of mate- 
rials. Even in restricted lagoons subjected to low tidal range, 
tidal forcing may account for up to 70% of the water level 
variability, driving a substantial advective, ocean—directed 
water transport (David and Kjerfve 1998). 

However, when tidal range is small, long—term (in the or- 
der of months; e.g., seasonal) and short-term (in the order 
of hours; e.g., winds plus heat balances) meteorological force 
ing may have a greater influence on the coastal environment 
than tides (Cavalcante et al. 2011). This non—tidal forcing 
can induce sea level oscillations with a period greater than a 
few days in the interior of coastal lagoons, altering net trans- 
port. Additionally, the balance between freshwater influx 
and saltwater incoming from the ocean may force gravita- 
tional circulation in estuaries and coastal lagoons, contribut 
ing to dissolved and particulate materials transport, as well 
as dispersion of biota across the seaward boundary (Geyer 
1997, Brown et al. 2004). 

Since the fluctuating hydrology in semi—enclosed systems 
is highly dependent on their connectivity to the adjacent 
shelf sea, changes in the coastal physical setting may have 
profound ecological implications on them (Drew 2000, La- 
dah et al. 2012). Thus, a proper grasp of the interplay among 
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physical processes is of primary importance to thoroughly 
understand the patterns of hydrological variability and asses 
the overall health condition for such aquatic systems (Nixon 
1988, Wolanski 1994, Umgiesser and Neves 2005). 

The objective of this study is to explore the dynamic re- 
sponses of water level, currents, water exchange, and circu- 
lation in response to tidal and wind forcing in a shallow, 
tropical coastal bay using a numerical simulation model. It is 
hypothesized that, given the microtidal regime in the west- 
ern Caribbean, the predominant northeast trade winds rath- 
er than tidal variability more stronely influences the overall 
circulation patterns in this ecosystem. We are also interested 
in examining how the bay’s turnover rates respond to the 
typical wind forcing experienced in the region. Furthermore, 
given the trend of human—driven disturbance experienced 
in many semi—enclosed coastal ecosystems and their intrin- 
sic vulnerability, as well as the scarcity of analytical studies 
to diagnose the responses to the physical—environmental 
setting in developing countries, the current study is deemed 
both a timely and relevant effort. 


STUDY SITE 

Bahia de la Ascension (BA) is a shallow coastal bay of the 
western Caribbean (Figure 1A), with average depth of 2.3 m 
and maximum depth of 6.8 m at the north inlet (Figure 1B). 
The bay’s main axis is NE—SW and surface area is 580 km’, 
with total mean water volume of 1.33 x 10’ m’. The tidal 
characteristics of this region are mixed, semi—diurnal, mi- 
crotidal regime (range <0.20 m within the bay), dominated 
by the principal lunar (M,) component with amplitude of 
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FIGURE 1. Map of the Gulf of Mexico showing Bahia de la Ascension in 
the Western Caribbean. A. Location of the weather stations northward from 
the study site (WS). B. Bahia de la Ascension with bathymetry (isobaths 
in meters) and seaward, discontinuous coral reef formation (x). Grey flags 
represent moored CTD’s in the inner bay and reef lagoon. 


0.074 m (Kjerfve 1981) and tidal prism of ~105 x 10° m? per 
semidiurnal cycle. The bay is rimmed seaward by the Meso- 
american Barrier Reef System (MBRS), the world’s second 
largest coral reef formation stretching across four countries 
(Honduras, Guatemala, Belize, and Mexico). 

The ratio between buoyancy forcing (volume of freshwa- 
ter per tidal cycle) and tidal forcing (tidal prism volume) in 
the bay is consistent with prevalent vertically homogeneous 
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water column conditions in the inlet zone, with mild verti- 
cal stratification in the northern entrance only during peak 
precipitation periods and less energetic conditions associ- 
ated with neap tides (Medina—Gomez et al. 2014a). The es- 
timated water residence time in this system during dry and 
rainy seasons, respectively, is 1,525 days and 203 days (com- 
puted according to the freshwater fraction method; Medi- 
na—Gomez et al. 2014a). The ratio of groundwater input to 
tidal prism in BA is nearly 1% in the rainy season and only 
0.07% during the dry season. 

This system is part of the Sian Ka’an Biosphere re- 
serve (SKBR) in the Yucatan Peninsula (19°40'32.76” N; 
87°32’30.87” W), one of the largest protected coastal wet 
lands in Mexico and a UNESCO’s World Heritage Site. 
The SKBR is southward from a burgeoning tourism desti- 
nation, considered among one of the fastest human popula- 
tion growth regions in Latin America (annual growth rate 
within 20—25%; Meacham 2007). Because of the karstified 
(prone to dissolution of the carbonate rock by infiltrating 
rainwater) landform common to the Yucatan platform, the 
BA receives significant freshwater input (357 x10° m?’/yr) 
from an extensive array of fissures in the limestone draining 
a 1,200 km? hydrological basin through both diffuse and 
point sources (i.e., submerged groundwater discharges) vent 
ing mainly into the southwest bay. Consequently, SKBR is 
threatened by the quick development of massive tourism oc 
curring just a few kilometers northward, in the so—called 
Mayan Riviera. 

Marked temporal rainfall heterogeneity rather than tem- 
perature variability controls the seasonality of the Mexican 
Caribbean, featuring a distinct dry season (February—May) 
and a distinct rainy season (June—October). In addition to 
the dominant northeast trade winds blowing 32% of the 
time (mean speed of 3.2 m/s, with strongest winds in June) 
and southeasterly winds (prevalent in March, with mean 
speed of 3.3 m/s) in the region, slight precipitation and drop 
in air temperature associated with boreal winds (ie., locally 
known as Nortes) occurs from November to January. 


MATERIALS AND METHODS 

The spatial variability of water level and currents, esti- 
mation of net water discharges across boundaries, and as- 
sessment of the time—averaged flow under tidal forcing and 
different wind condition scenarios were addressed in BA us- 
ing a barotropic (2D) hydrodynamic model. Also, water level 
(WL) in the inner bay (Vigia Grande embayment, VG) and 
the adjacent marine environment (reef lagoon, RL) was re- 
corded during 8 June 2007 (dry season) using an anchored 
Van Essen Instruments conductivity—temperature—depth 
recorder (CTD Diver). The WL data series collected in the 
RL (5 m depth) served to force the model at the ocean end 
during the validation stage only. On the other hand, the 
data series obtained in VG (1.5 m) was utilized to compare 
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the observed versus computed WL values, and further ad- 
just the model parameters during the calibration—validation 
process. A 10 min sampling rate was set for both moored 
instruments during 4 days spanning the survey. 

Model Setup 

A depth—averaged, free—surface hydrodynamic model 
was implemented using the Delft 3D system (WL—Delft 
hydraulics) in bi-dimensional mode. The model simulates 
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FIGURE 2. Adaptive grid of the model domain 


non—steady flow resulting from tidal and meteorological 
forcing. The space in the computational region was parti- 
tioned using a Cartesian, curvilinear, adaptive grid—cell ar- 
rangement with 23,200 nodes with spatial resolution vary- 
ing from 100 m inside the bay (the site of interest), to a 
coarser horizontal resolution ~1,000 m on the shelf (Figure 
2). Such a grid arrangement allows smooth spatial variation 
over the model domain minimizing inaccuracy errors in the 
finite difference operators (WL—Delft hydraulics). 

The spatial discretization of the horizontal advection 
term was undertaken by using the cyclic method, which 
does not set a restriction in the time step. This flexibility 
enabled us to implement an alternating direction implicit 
(ADD) time integration (Delft3D—FLOW). Such a scheme 
splits one time step into 2 stages and fully solves all shallow 
water equations on each of such stages by taking a given 
term (water level gradient, advection) implicitly in time, and 
further taking the same term explicitly in time in the next 
stage (i.e., the other half—time). 

Thus, from the 3 convergent solutions obtained-all of 
them achieving numerical stability within 2 semi—diurnal 
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cycles as tested by the system’s kinetic energy (Table 3; Me- 
dina—Gomez 2011), a At = 3 min was selected for the simu- 
lations, since this time—step met both numerical stability 
(Courant number criteria: accuracy in reproducing impor 
tant spatial length scales and stability for the current baro- 
tropic model; WL—Delft hydraulics) and reasonable compu- 
tational requirements. 

The horizontal geometry (wet versus dry) are updated in 
the model domain every time a new water level is computed. 
This half—time steps scheme results in an overall second 
order accuracy in space solution for the integrated time step. 
The wet—dry framework is based on an algorithm that acti- 
vates a switch by individually assessing depth values at the 
cell interfaces. Any time total water depth in a water level 
point is negative (i.e., dry), that horizontal cell is removed 
from the computation and the half—time step is repeated. 
Further, the initial water level at a dry cell is defined by the 
depth at a given water level point. 

To avoid potential boundary effects, a weakly—reflective 
open boundary (low—pass filter using an alpha—coefficient 
equal to 0.2; WL—Delft hydraulics) was positioned 15 km 
seaward from the reef barrier. This distance was set accord- 
ing to the availability of bathymetric data for the region 
(Cetina et al. 2006). 

The turbulence closure model is based on the eddy vis- 
cosity concept and defined in the Delft3D—FLOW module 
for 1—layer (depth—average). According to the Rossby num- 
ber calculated for the system (3.4 x10~°), deflection of the 
tidal current towards the right is not negligible given the size 
of the model domain (e.g., prominent role of rotational pro- 
cesses on the flow field: Ro << 1; Tilburg et al. 2011). Thus, 
the latitude location of the model area on the Earth’s globe 
was provided to take the Coriolis force into account in the 
simulation—default in Delft 3D. 


Model Calibration and Validation 
The model was calibrated by prescribing a 4 day length 
water level (collected in the reef lagoon; Figure 3) forcing 
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FIGURE 3. Water level in the reef lagoon site (measured, solid black lines; 
6-hr low-pass, grey dotted line). High frequency oscillations were eliminated 
from the raw water-level data by using a discrete Fourier transform filter. This 
water level was specified at the ocean boundary during calibration-valida- 
tion of the numeric model. 
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FIGURE 4. Water level at the Vigia Grande mooring (inner-most bay). 
Observations (demeaned time series) compared with simulated data ob- 
tained through different bottom roughness formulae: Chezy coefficient, C = 
40 m/s and two Manning coefficients, n = 0.04 and 0.07 (independent 
of units). 


in the ocean end and further adjusting the bottom friction 
coefficient until reaching a water level close to that observed 
in the inner bay (Figure 4). We considered it appropriate to 
carry out the calibration—validation phase simulations us- 
ing the reef lagoon and inner—bay water levels, since both 
time—series were obtained at the same period of time and 
influenced by identical background processes such as wind 
stress, tidal phase, and prevalent atmospheric conditions. 

Since deep water is found beyond the reef crest (Figure 
2), it seemed reasonable to assume a lack of shoaling on the 
tidal wave prescribed at the seaward boundary before step- 
ping into the bay’s edge (e.g., reef lagoon). Nonetheless, we 
accounted for the phase—shift presumably experienced by 
the water level signal across the 18 km distance (15 km from 
the seaward edge of the model domain to the reef crest plus 
3 km from the reef crest to the mooring site within the reef 
lagoon) between the ocean boundary (where the forcing 
was prescribed) and the mooring site onto the reef lagoon 
(where the time series was actually recorded), by computing 
the phase lag of the M, tidal frequency (the most influential 
harmonic constituent in this region; Kjerve 1981) between 
the outer bay (Reef Lagoon) and inner—bay (Vigia Grande). 
The distance between the Vigia Grande and Reef Lagoon 
moorings is roughly 22 km, or a distance ratio between 
ocean boundary—reef lagoon to reef lagoon—inner bay seg- 
ments equal to 0.82. 

The harmonic analysis using T_TIDE showed that the 
M, tidal constituent lagged ~1.12 h (32.24°) behind in the 
inner bay relative to the reef lagoon (Pawlowicz et al. 2002). 
By considering the distance ratio between segments, a lag 
of > 55 min was estimated between the ocean boundary 
and the reef lagoon. Consequently, a phase shift of 1 h was 
implemented for every modeled water level (i.e., those pro- 
duced by distinct bottom roughness coefficients) before pro- 
ceeding with fitting between observed and modeled water 
level time series. 


A Chezy coefficient (default in Delft) of C = 40 m”/s and 
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two different Manning roughness coefficients of n = 0.04 
and 0.07 (independent of units) were applied in the simula- 
tions during the calibration—validation phase. Such rough- 
ness values are within those reported for macrophyte— 
dominated habitats (e.g., 0.03—0.30; Dawson and Robinson 
1984) and have been utilized in studies to parameterize 
bottom friction in shallow ecosystems colonized by aquatic 
vegetation (e.g., 0.02—0.20; Morin et al. 2000). 

After removing the first day (2 semidiurnal cycles) from 
startup at every simulation for stabilization reasons, the 
agreement between modeled and measured water level was 
quantified utilizing the root—mean square error (RMSE; eq. 
1) and the relative mean absolute error (RMAE; eq. 2). Both 
statistics are widely used to evaluate accuracy of numerical 


models (Fernandes et al. 2001, Sousa and Dias 2007, Wals- 


tra et al. 2001): 
lon 
fh pias 


1 
y Ln=1(Xmop-Xos) 


y Ln=1(XoBs) 


Eq. (1) RMSE 


lXops i. Xuop |? 


Eq. (2) RMAE 


where X,,, and X,,,,, are the set of N observed and mod- 
eled values, respectively. 

The minimum difference between the observed water 
level and that predicted by the model at the inner bay cor 


responded to a Manning coefficient equal to 0.04, yielding 
RMAE * 0.17 (Table 1). According to the error categoriza- 


TABLE 1. Statistics summarizing the model performance. Root Mean 


Square Error (RMSE); Relative Mean Absolute Error (RMAE). n = 5017. 


Bottom friction formulae RMSE (m) RMAE * 
Chezy, C= 40 m”/s 0.0239 0.6531 
Manning, n = 0.04 0. 0228 0.1664 
Manning, n = 0.07 0.0234 0.2316 


“Values <O0.2 correspond to an excellent agreement (Sutherland et al. 
2004). 


tion provided by Sutherland et al. (2004), RMAE values < 
0.2 are qualified as an excellent match between predictions 
and observations. 

Additionally, harmonic constants of the tidal constitu- 
ents for the observed and modeled water level time series 
were calculated for comparison. The correlation coefficients 
among observed versus modeled tidal constants (Table 2) 
differ from the statistics computed from the actual water 
level data series, as Chezy’s is better qualified (amplitude 
correlation = 0.99, p ~ 0; phase correlation = 0.86, p = 
0.007) than the Manning formulae (amplitude correlation 
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TABLE 2. Harmonic constants of tidal constituents (amplitude and phase) for both observed and modeled (applying distinct bottom friction coefficients) 


water level time-series at an observation point in the inner-most bay. Amp—amplitude; Pha—phase; Obs—observed; M04 and MO7—Manning roughness coef- 


ficients of n = 0.04 and n = 0.07, respectively; Chez—Chezy modeled coefficients. 


Tide Frequency Amp_Obs Pha_Obs Amp_MO4 Pha_MO4 Amp_MOZ7 Pha_MOZ7 Amp_Chez Pha_Chez 
(cph) 

Kl 0.0418 0.0043 141.53 0.0126 25073 7; 0.0105 LT LTA 0.0143 240.47 
M2 0.0805 0.0479 108.13 0.0546 99.88 0.0353 119-77 0.0775 80.58 
M3 0.1208 0.0028 Dis 0.0036 34.83 0.0026 47.88 0.0046 24.13 
M4 0.1610 0.001 1 (55258 0.0009 181.8 0.001 223.45 0.0004 233.7 

2MK5 0.2028 0.0005 201.8 0.0009 107.68 0.0011 166.4] 0.0001 206.48 
Mé 0.2415 0.0005 160.01 0.003 324.77 0.0024 14.42 0.0016 269.04 

3MK7 0.2833 0.0002 206.52 0.0005 151.48 0.0006 203.32 0.0003 267.4 
M8 0.3221 0.0003 167.28 0.0001 34] 0.0002 172.29 0.0006 197.19 


= 0.98, p ~ 0; phase correlation = 0.46, p = 0.25). Howev- 
er, the correlation coefficient has been reported as a poor 
parameter quantifying accuracy of forecasts produced by 
numerical systems (Murphy 1988). These results led us to 
consider that n = 0.04 yielded the best fit between observed 
and simulated tidal ranges. 


Hydrodynamic Simulation Scenarios 

For all the numerical simulations scenarios the model 
was forced at the open boundary with a water level time 
series reconstructed from tidal components (M,, S,, N,, K,, 
O,, P,) reported for Cozumel Island, located 60 km north 
from BA (Kjerfve 1981). Besides applying a spatially uni- 
form n bottom friction parameter, other predefined initial 
and boundary conditions were background water salinity 
equal to 35 and temperature of 28°C. Also, water level force 
ing at the offshore boundary was set to begin with the rising 
phase (zero—level in the water column at the start time of 
the simulation) of such a reconstructed signal from local 
tidal constituents (Kjerfve 1981). The first day of the simula- 
tion time (2 semi—diurnal cycles spin—up) was further re- 
moved from the simulation results prior to analysis (Table 
1). No freshwater input was included in the set of boundary 
conditions of this model. 

Along with a tidally forced stand—alone case, a series of 
simulations comprising identical tides plus 3 regionally typi- 
cal wind conditions were executed: 1) Northeasterlies (Trade 
winds); 2) Southeasterly winds; and 3) Northwest—North 
winds (Nortes). Wind data were provided by the National 
Meteorological Service (GMN) from a weather station (For- 
est Technology Systems, Ltd.) located 9 m above the ground 
and 38 km northward from BA (Figure la), within the Sian 
Ka’an Biosphere Reserve (SMN 2007). 

The 3 wind events were simulated using real, time—vary- 
ing, spatially homogenous data with a 10 min sampling 
frequency rather than prescribing artificial, steady winds 
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(Figure 5). We believe this approach allows elucidating the 
ecosystem’s hydrodynamic response to the most prevalent 
local wind scenarios under real conditions as much as pos- 
sible. Otherwise, using unidirectional/constant velocity 
wind data sets may overestimate the wind stress influence 
on water circulation, whilst time—varying responses of hy- 
drodynamics in semi—enclosed ecosystems to short—term 
processes (e.g., seiches) might be overlooked (Staneva and 
Stanev 1998, Enriquez et al. 2010). 

Wind events were selected by ensuring that every data 
series involved both a minimum direction persistence over 
an 8 d period and relatively high velocities according to 
the mean values reported for this zone. The specified dura- 
tion for simulations is tied to the characteristic duration of 
Nortes (i.e., winds from the N and NW associated with polar 
high—pressure fronts featuring low air temperature), which 
are characteristically short-lived episodes in the Yucatan 
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FIGURE 5. Three wind events occurring in 2007 and utilized in combina- 

tion with tides to force the hydrodynamic model. A. Trade winds. B. North 


winds. C. Southeast winds. 
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TABLE 3. Summary of the numerical simulations. ST—spring tide. 


Observations 


Three At's tested: 1, 3, and 9 min 
Experiment carried out with At = 3 min 


Time series collected in the reef lagoon was prescribed at the 
ocean end for calibration. The validation was performed by 
comparing bottom roughness formulae and inspecting the best fit 
between observed and modeled tidal ranges in a fixed point of 
the bay’s interior 


ST plus real winds. Wind data uniformly distributed across the 


Modeling Cases Forcing Simulation 
stage functions time (days) 
Stability tests Kinetic energy M, tide 10 
Volume conservation M, tide 30 
Reliability tests? Calibration and A day-length surface 4 
Validation elevation observations 
Hydrodynamic — Tides and winds _— ST + northeasterly winds 8 
simulations® ST + southeast wind 


ST + “Nortes” (N-NW) 


model domain. Water level specified at the open boundary was a 
reconstructed time series from local tidal constituents recorded 60 
km north of BA® 


‘First 24 h from startup (2 semi-diurnal cycles) were removed due to stability reasons. 


bKjertve 1981. 


Peninsula. It is thought that by keeping a standard simula- 
tion time, the comparison of model results obtained along 
distinct cases would be more duly accomplished. The tidal 
cycles were centered at the midpoint of each 8 d simulation 
run. The scenarios modeled are summarized in Table 3. 


Turnover Time 

The turnover time (T) was calculated using the rate 
of water exchange provided by a variety of combined sce- 
narios: spring tides (ST) plus three typical wind events 
experienced in the region (“suestes”, SE; trade winds, NE; 
“nortes’, N—-NW). For this purpose, the total time integral 
of hydrodynamic flows (e.g., the output of the Delft model 
“instantaneous water discharge” given in m°’/sec) through 
the bay—shelf boundary at both inlets (north and south en- 
trances; Figure 1b) during one day were computed for each 
of the combined boundary conditions simulated (Q), and 
then the volume of the system (V; assumed to be constant 
during the simulation time and completely mixed on a time 
scale shorter than the turnover time; Kjerfve and Magill 
1989) was divided by the integrated rate of water exchange 
between the bay and the ocean. T. is given in days: 

Eq. (3) TW 
RESULTS 

The relative impact exerted by the assessed forcing func 
tions on Bahia de la Ascension circulation is a consequence 
of the spatial and temporal scales under scope and the lo- 
cal geomorphologic features across the bay. Thus, the tidal 
energy input leads to strong instantaneous currents in the 
inlet areas and near the channel connecting the main bay 
with the southwestern embayment (Vigia Grande). Further- 
more, sub—tidal events (e.g., Trade northeasterlies) drove a 
large residual, ocean—directed flow in the bay. 
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Instantaneous Currents 

The instantaneous currents observed in BA when tidal 
input is the only forcing showed a seaward water motion 
under ebb tide through both inlets, yet stronger currents 
and a smoother water level transition zone were evident 
across the north entrance during ebbing compared to the 
southern inlet (Figure 6A). Also, swift currents occurred at 
the southern subsystems indicated a rapid emptying of these 
inner embayments. During low water, relatively slow incom- 
ing water masses observed in the inlets contrasted with 
strong water motion crossing from the SW subsystem Vigia 
Grande to the main bay. The contact between these oppo- 
site—directed currents defined a slight frontal zone along 
the mid—bay (Figure 6B). 

The currents in flood tide indicated water inflow in the 
inlet zones that extends farther into the bay, although cur 
rent velocities rapidly decelerated once they reached the 
central basin. Also, two contrary instantaneous currents 
coexisted in the channel connecting Vigia Grande and the 
main bay, with water flowing seaward in the northern por 
tion of the channel and landward water motion occurring 
across the southern portion of this entrance (Figure 6C). 
A telatively strong landward current velocity replaced this 
lateral flow structure further during high water (Figure 6D). 

When southeasterly winds were included into the model 
during the ebbing case, a similar pattern in terms of current 
direction to the ebb tide alone case was found (Figure 7A). 
However, the relative magnitude of instantaneous water mo- 
tion is dampened at the inlets and in the south and south- 
west inner embayments compared to currents in the central 
basin, which remain almost unaffected. This variation is 
particularly evident in the Vigia Grande subsystem, where 
reduced water outflow led to a steeper water level gradient 
towards the landward side of the channel compared to the 
tides stand—alone scenario (Figures 6A and 7A). The phase 
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FIGURE 6. Instantaneous water level (m; vertical color bar to the right of the figure) and currents (depth averaged velocity, m/s; vectors) when the 


model is forced only with tides during 4 instantaneous tidal phases. A. Ebb tide. B. Low tide. C. Flood tide. D. High tide. 


shift in the Vigia Grande embayment (Figure 8) reflects the 
attenuation of the tidal wave as it propagates from the cen- 
tral basin (3 m mean depth) to the shallow inner bay water 
column (mean depth of 0.5 m). 

The circulation under “Nortes” and flood tide is similar 
to the lack of winds flooding scenario, although current ve- 
locities are diminished overall throughout the system, except 
for the northern section of the bay. The Trade winds plus 
spring tides case showed an intense flow emptying the SW 
inner embayment (e.g., towards the central bay) under low 
tide. During the flood tide plus Trades combined case, water 
motion is also comparable to the stand—alone tides scenario, 
with an overall even distribution of the water current veloci- 
ties throughout the bay (Figures 7C and 7D). 


Residual Currents 
The tide averaged currents over 14 semidiurnal cycles (ie., 
first day removed from the 8 d simulation run for numeri- 
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cal stability) simulated under the effect of astronomical tides 
alone showed incoming flow along “Cayo Culebras” man- 
grove cay (CC) in the inlet zone, with strong flow in the 
western tip of the cay (Figure 9A). Because of the tidal energy 
dampening just past the channel into the VG embayment 
(Figure 8), the net tidal flow in the VG embayment is minor 
and limited to the channel between this inner subsystem 
and the central basin (Figure 9A). 

The circulation pattern occurring under southeasterly 
winds plus spring tides resulted in a predominantly north- 
ward residual flow parallel to the reef barrier (mean velocity 
of 0.04 + 0.02 SD m/s and 0.12 m/s maxima), which caused 
a bay—directed transport through the south inlet (Figure 
9B). Pervasive SE wind sustained a clockwise cell (radius ~ 
5 km) flowing in the southern portion of the central basin, 
in front of the connecting channel with the SW embayment 
Vigia Grande (Figure 9B), 
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FIGURE 7. Instantaneous water level (m; vertical color bar to the right of the figure) and currents (depth averaged velocity, m/s; vectors) when the model 
is forced with tides plus winds. A. Southeast winds in ebb tide. B. “Nortes” winds in flood tide. C. Trade winds in low tide. D. Trade winds in flood tide. 


The simulation results obtained with the combined were only one half of that observed in the Trade winds case. 
NW-N wind field (i.e., “Nortes”) and spring tide forcing ex- Both time averaged circulations involving eastern compo- 
hibited an active alongshore and southward water transport 
with peak current velocity of 0.03 m/s. The water exited the 


: : 0.15 Outer 
system through the north entrance. Also, an anticlockwise aa 
cell circulation was observed close to the one occurring un- a 
der SE winds (Figure 9C). E 0.05} 

During the Trade wind event, a prevalent southward &% 
coastal flow with peak current velocity of nearly 0.05 m/s 2 pag 
was observed. The residual current field showed a series of  * “a 


strong currents radiating from the CC cay towards the NW 
(0.013 m/s), W (0.012 m/s), and SE (0.03 mA). Trade winds 0.15 
(NE) generated an average current velocity of 0.005 + 0.003 1 2 3 4 5 B 7 a q 10 


SD m/s within the bay. A clockwise cell of shorter length Day 


. ; FIGURE 8. | ter level obtai th si f the ch | con- 
scale than those established under SE and NW—N winds ou ih Mogelbayalenleve lopiained vi Ze aides Soa ues 
necting Vigia Grande embayment (Inner) with the bay’s central basin (Outer) 


took place in the southeast portion of the central basin (Fig- under spring tides-southeast winds combined scenario (such conditions are 
ure 9D). Maximum southeasterly wind—induced currents akin to those observed during the June survey). 


59 


Medina-Gémez et al. 


2.156 


43 4d 45 46 47 43 4d 15. © 46 47 
Easting (UTM) x ic Easting (UTM) “10° 


FIGURE 9. Four scenarios of 7 d average water level (m; vertical color bar to the right of the figure) and residual currents (depth averaged velocity, m/s; 
vectors). A. Tides alone. B. Tides plus southeast wind. C. Tides plus “Nortes” event. D. Tides plus Trade winds. 


nent winds (SE wind and NE Trades combined with spring winds were responsible for carrying away 387 m’/d from the 
tides) induced a ~3.5 cm water level increase in the inner— system, or nearly 6% more water than either the ST stand— 
most bay. However, the water level gradient simulated under alone forcing or the ST—Nortes combined simulations. As 
the Trade winds case showed a smoother spatial distribution a consequence, Trade winds induced the shortest T, of the 
along the NE—SW plane of the system than that defined by od 
the southeasterly forcing winds (Figures 9B and 9D). The 


time—varying water level response within VG embayment id 
during Trade Winds simulation exhibited a water column = £ 82 
elevation spanning ~ 6 hours (Figure 10), ae 
Turnover Time = 
The turnover times (T,) showed a pattern seemingly asso- 7a 
ciated with the wind direction, with a mean T. of 1.5 months cae 
for the simulated scenarios. Longer T, in the whole bay corre- ae : : | : : 
sponded to the spring tide (ST) stand—alone forcing, as well oO 2 40 60 80 100 120 140 160 = 180 


time (h 
as under the ST plus “Nortes” event, whilst northeasterl lmies(hr) 
P y 


winds (Trades) acting over the BA area drove high water vol: FIGURE 10. Time varying water level (m) in the inner-most bay (Vigia 
umes flushing out from the system. For instance, NE Trade — Grande subsystem) during Trade winds simulation. 
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study (42 days), which is 3 days shorter than any other simu- 
lated scenario. 


DiscussION 

The simulation of the water circulation in Bahia de la 
Ascension under the dynamic forcing of tides and 3 typi 
cal wind conditions occurring in the Mexican Caribbean 
showed that, despite a microtidal regime characterizing the 
area, tides influence the water transport across the inlets. 
Strong currents with peak velocity of 0.25 m/s corresponded 
to the northern entrance near the seaward endpoint of the 
“Cayo Culebras” mangrove cay during spring tides. Never 
theless, tidally—driven effects are mostly confined to the in- 
let zone and partially across the main bay, as tidal currents 
substantially decelerate in the upper reaches of the central 
basin. 

Wind stress alters the tidally—driven water movement 
in BA, as hydraulic flows often defined parallel trajectories 
to those of winds acting upon the system. The wind influ- 
ence was more vividly illustrated at the inner—most bay 
(Vigia Grande embayment) when the model is forced with 
NE winds. The regional climatologic forcing may represent 
a main driver of the replenishing time of water in this inner 
section of the bay. Such a water exchange may be enhanced 
by the wind—driven setup in the northwest portion of the 
VG embayment (see Figure 10). However, this modeled wa- 
ter setup induced by the Trade winds is still lower than the 
18 cm water level slope reported by Medina—Gomez et al. 
(2014a) in the inner bay during 5 days of sustained south- 
easterly winds. 

The circulation—constrained SW embayment is the re- 
ceiving water body of substantial freshwater and abundant 
materials (e.g., nutrients, dissolved organic matter) draining 
low-lying, well—developed mangrove forests (Medina—Go- 
mez et al. 2014a). It seems feasible that, due to tidal energy 
attenuation in the inner bay (see Figure 8), a variable extent 
of isolation between this inner section and the main bay 
would occur, unless there is a mechanism controlling the wa- 
ter motion. The easterlies and particularly, the Trade winds, 
may represent such a wind—driven propagation mechanism 
of water properties farther into the sea—influenced central 
basin. 

The potential of Trade winds to play a prominent role in 
the water transport from the bay’s interior to the main bay 
steams from the fact that northeasterly winds act over the 
bay’s surface in the same direction as the system’s main axis 
(i.e, NE—SW), optimizing its forcing effect over the bay’s 
surface and thus, on the water level field. However, this sce- 
nario might reduce, at some point, water transport from the 
main bay into VG during episodes of sustained NE winds, 
unless a return flow mechanism (e.g., through the bottom 
layer) is established to maintain a water exchange with the 
central basin (Kjerfve and Oliveira 2004). Consequently, the 
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water level rise observed in the landward edge of VG (see 
Figure 9d) might be adjusted through an upwind—directed 
flow established at depth (Kjerfve and Magill 1989). 

It is thought that, in combination with mid—term hydro- 
meteorological process controlling the net freshwater input 
(Thattai et al. 2003), Trade winds would help to regulate 
the confinement degree in the inner—most bay and favor 
the connection between this mesohaline area and the cen- 
tral basin, as well as to spread the hydrographic properties 
characterizing the southwestern—most subsystem (i.e., Vigia 
Grande embayment) farther into the bay during episodes of 
persistent NE winds. If true, this wind—enhanced hydrody- 
namic feature has the potential to not only alter a number of 
physical—environmental traits in the whole system, such as 
thermohaline characteristics in the water column and heat 
fluxes, but also would lessen the average turnover time in 
the bay, thus contributing to avoidance of environmental 
impairment often experienced in locations with constrained 
circulation (Cavalcante et al. 2012). 

The model results indicated that the Nortes wind (i.e., N— 
NW) does not play as relevant a role in the circulation pat 
tern of this bay as in coastal ecosystems of the Yucatan north 
coast. The northern polar cold—fronts constitute dominant 
hydrometeorological processes in the northern Yucatan, in- 
ducing a remarkable marine influence on its ecosystems and 
longer water residence times during the winter season which 
features such events (Medina—Gomez and Herrera—Silveira 
2009). Because Nortes winds show a trajectory “from the con- 
tinent” in Bahia de la Ascension instead of “from the ocean” 
as in the Yucatan north coast, the geographic location of 
the bay contributes to relieving the potential effects of these 
events over the system. 

The turnover time (T,) during Nortes winds is consistent 
with a lessened influence on the system hydrodynamics un- 
der these events, as nearly the same T, were calculated both 
under stand—alone spring tides and Nortes plus spring tides 
scenarios. Also, the mean T, of 1.5 months calculated in this 
study is well below the range of previous seasonal turnover 
time estimations (203—1,525 days in rainy and dry seasons, 
respectively) carried out in BA using bulk hydro—meteoro- 
logical information (Medina—Gomez et al. 2014). 

These ample differences between T, reported elsewhere 
and that obtained in the current numerical study may re- 
flect an intrinsic methodological variation due to distinct 
approaches utilized. The water flows of empirical—based 
Schreiber models (e.g., groundwater discharge, evapotrans- 
piration) used to compute the turnover time (freshwater 
fraction method) by Medina—Gomez et al. (2014a) occurs 
at larger time—scales (e.g., seasonal) than both the unidirec 
tional (advective) and three—dimensional (diffusive) water 
motion (e.g., within hours) accounted for in the processes 
implemented in this hydrodynamic model (Delft3D). 

However, T values in BA were much higher than the aver- 
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TABLE 4. Geomorphologic and water budget features in four coastal lagoons along the Mexican Caribbean and the Gulf of Mexico (northern and south- 


ern regions). 


System Area Volume Depth 
(km?) (x 10° m°) (m) 
Lake Pontchartrain® 1,630 6,031 3.7 
Terminos Lagoon? 2,500 8,750 35 
Puerto Morelos (reef lagoon) 75 8° os 
Bahia de la Ascension® 580 1,422 22 


°Kjerfve 1986. 
bDavid 1999. 
‘Coronado et al. 2007. 


Tidal Range Freshwater Turnover Time 
(m) Discharge (x10° m?/yr) (days) 
0.1 5,929 20-105 
0.4 12,600 67 
@.17° 60.2° O:125¢ 
0.18 870 A5 


‘Estimated as fresh groundwater discharge (GD) using the figure provided by Hanshaw and Back (1980) for mean GD in the eastern Yucatan Peninsula 


equal to 8.6 x106 m3 per year per kilometer of coastline. 


*Medina et al. 2014a. Except for the turnover time which was computed from the hydrodynamic simulations results in the current study. 


age T. value of 3 h reported for Puerto Morelos reef lagoon 
(PMRL), located 130 km northward from this study site 
(Coronado et al. 2007). The PMRL estimation corresponded 
to typical wave—wind conditions and background current ve- 
locity. In addition to striking geomorphologic differences be- 
tween BA (juxtaposition of a wide, relatively deep and open 
central basin and a shallow, inner, confined subsystem in the 
SW extreme, with a well-developed fringing mangrove for- 
est) and PMRL (a relatively shallow reef lagoon bounded by 
an almost continuous reef barrier seaward and shore coast 
line landward), PMRL drains relatively higher volumes from 
a much smaller system (volume of 8 x10° m? with a system 
transport equal to 986 m?/s; Coronado et al. 2007) than Ba- 
hia de la Ascension (volume of 1,422 x10° m? and system 
transport of 370 m?’/s; Table 4). 

The interplay between such geomorphologic water bal- 
ance traits may explain the relatively high short—term sen- 
sitivity of turnover times in PMRL to a hurricane (all = 0.35 
h, more than 8 times shorter than the average T, under a 
regular physical setting; Coronado et al. 2007) compared to 
both seasonal (Medina—Gomez et al. 2014a) and climatolog- 
ic event—driven flushing rates observed in BA. In addition to 
the previously mentioned return flow, the flooding pattern 
over adjacent wetland vegetation in BA may also offset water 
level rise in the landward section of VG generated either by 
tidal or climatic forcing. 

It is thought that because of the low—lying topography in 
the south and southwestern part of the bay (Adame et al. 
2013), even small water level increases lead to the flooding of 
a vast area featuring an anastomosing network of tidal creeks 
and sloughs within the adjacent mangrove wetland (Hsu et 
al. 2013). This flooding regime of the neighboring ecosys- 
tems may buffer the hydrodynamic coupling between inner 
and main bay, defining significant differences from other 
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tropical coastal ecosystems, like in the reef lagoons, where 
hydrodynamic features are typically associated with both the 
complex geometry and bottom roughness of reef formations 
(Lambrechts et al. 2008, Taebi et al. 2011). 

Such a vegetation—modulated response adds to the overall 
system resilience by reducing the impact that strong storms, 
characteristic of this region (Boose et al. 2003), may exert 
on the hydrographic heterogeneity and habitat diversity in 
BA. Flushing times in Terminos Lagoon (David 1999) and 
Lake Pontchartrain (Kjerve 1986), two restricted lagoons in 
the Gulf of Mexico significantly larger than BA, exhibited 
comparable T, values to BA, despite both aquatic ecosystems 
being fed by rivers, as opposed to the ground freshwater in- 
put in BA (Table 4). 

The openness of BA not only controls how shelf sea pro- 
cesses are conveyed into the bay across the inlets, but may 
also influence the system’s sensitivity to variations in the rate 
and magnitude of atmospheric processes (e.g., strong storms). 
For instance, homogeneous salinity in Lake Pontchartrain, 
a brackish system associated with the Mississippi River, re- 
flects both the prominent freshwater input and relatively 
restricted hydraulic exchange (Kjerfve 1986). Strong salinity 
changes have been documented in Lake Pontchartrain after 
water diversion from the Mississippi River into this system to 
relieve high water levels in the New Orleans rivers following 
extremely high precipitation (Kjerfve 1986). In contrast, a 
consistent estuarine gradient was observed in BA throughout 
the year (seasonal salinity variation < 4), and this horizontal 
salinity structure was maintained < 2 months after a category 
5 hurricane made landfall in the region (Medina—Gomez et 
al. 2014a). These contrasting patterns suggest a higher vul- 
nerability of the riverine—influenced Lake Pontchartrain 
than in BA under high intensity events (e.g., hurricanes). 

However, the gravitational circulation brought about by 
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the freshwater supply in the fluvial systems (e.g., inner estu- 
aries) surrounding the landward margin of Terminos Lagoon 
(Medina—Gomez et al. 2014b) may account for the compa- 
rable turnover times between this system and BA, regardless 
of the significant differences in geomorphologic features be- 
tween both lagoons (Table 4). The marked seasonal pattern 
of net freshwater input may exert a mid—term control on the 
thermohaline circulation of the bay, particularly during the 
moment of wind—direction change and at the onset of neap 
tides. 

Although only a weak vertical structure has been reported 
in the deepest, northern inlet of BA (Medina—Gomez et al. 
2014a), this stratified water mass was recorded adjacent to 
the northern “Punta Allen” headland, a zone which might 
be characterized by improved turbulence due to jet and eddy 
formation (Lambrechts et al. 2008). Because a variety of hy- 
drodynamic structures may prevent vertical stratification in 
that area, the mere presence of such a stratification of the 
water column suggests that it might actually represent a more 
common feature than previously considered (Medina—Go- 
mez et al. 2014a). 

It is argued that physical connectivity along the whole bay 
and coupling between the system and the reef barrier are 
influenced by processes occurring over distinct time—scales, 
from periodic tidal oscillations to sub—tidal variability as- 
sociated with wind—field forcing and atmospheric systems 
(Cowen et al. 2006). The ecological processes within the 
system may respond to such a range of astronomical and 
meteorological forcing, where wind stress is a major control 
ling factor for fish larval habitat and thus, their variability in 
abundance and distribution (Chiappa—Carrara et al. 2003). 
Furthermore, released eggs from fish spawning aggregations 
are prone to enter these shallow coastal systems through 
wind—driven flow from reproductive sites offshore (Mén- 
dez—Jiménez et al. 2015). 

Additionally, far—field forcing on coastal circulation may 
introduce variability in the water flow of the bay and ex 
tent of exchange with the adjacent shelf sea. The system’s 
water level responses to the near—geostrophic nature of the 
coastal Yucatan current (YC; Ezer et al. 2005) may influence 
its flushing characteristics, since the occurrence of anticy- 
clonic eddies detached from the YC induce a barotropic pres- 
sure gradient associated with a decrease of the bay’s water 
level and subsequent net volume displacement. Thus, under 
strengthened YC episodes the appearance of mesoscale ed- 
dies and their tendency to propagate into the western Carib- 
bean Sea (i.e., getting closer to the Caribbean coastline) may 
couple offshore oceanographic features with ecological traits 
in Bahia de la Ascension by altering the flushing rates of 
both biologically significant particles and potentially delete- 
rious materials (trace metals). 

The presence of recurrent mesoscale oceanographic fea- 
tures characterizing the regional circulation pattern (e.g., As- 
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cension—Cozumel coastal eddy; Carrillo et al. 2015) influ- 
ences the residence time of particles in front of the bay (e.g., 
entrainment during flooding of a portion of the water mass 
previously carried out from the system in the last ebb tide). 
Thus, the dispersion of bay—directed materials might be tied 
to the spatial—temporal variability of this cyclonic eddy, and 
its persistence may induce a longer retention of outwelled 
materials within the gyre before they are advected offshore 
or more likely, northward, according to observations on 
the regional circulation into the coastal flow (Carrillo et al. 
2015). 

Finally, the current model results not only allow a bet 
ter understanding of the patterns of water movement within 
relatively small coastal systems indented along the MBRS, 
but would also, if implemented as a nested model, help to 
improve the grasp of regional circulation by complementing 
information provided in mesoscale hydrodynamic studies 
(Ezer et al. 2005; Carillo et al. 2015). Such a nested model 
approach will help to examine the role of these productive 
ecosystems as either buffers or a source of land—derived ma- 
terials to a broader area in the MBRS. This understanding 
is crucial to address the threat level that such inputs repre- 
sent for the health of coral reef formations and the biological 
communities they harbor. 


CONCLUSIONS 

This hydrodynamic model proved to be an appropriate 
tool to evaluate the circulation patterns of Bahia de la As- 
cension under the influence of tides and winds. Tide is an 
important forcing function controlling the hydrodynamics 
of this system, as tidal phase alters both instantaneous and 
time—average flow in the inlet zone and the bay’s central ba- 
sin. Also, Trade winds acting along the northeast—southwest 
main—axis of the bay enhance the ocean—directed water cit- 
culation from the system’s interior. 

The tidally—averaged circulation is relevant for the bay’s 
spatial heterogeneity, as it favors water exchange between 
the freshwater—influenced area and the marine—influenced 
main bay. The wind action strongly alters water exchange 
in BA, and the geographic orientation of the Bay aligned 
with the system’s main axis is crucial to sustain a significant 
discharge through the system. The instantaneous current 
velocities are higher in the deeper north inlet than in the 
southern one, while tidally—averaged circulation showed wa- 
ter inflow through the latter and outflow through the north 
entrance. 

The turnover times (T)) in the system reflected such resid- 
ual flow scenarios. The T, length showed a correlation with 
the geographic orientation of the wind field, featuring short 
er T under northeasterly winds than in north winds occur 
ring during winter storms (Nortes). The influence of Trade 
winds constitutes a major driving force on the circulation 
of an embayment placed in the inner—most bay subsystem. 
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ABSTRACT: We determined ages of Blackfin Snapper (Lutjanus buccanella Cuvier 1828; n = 622) collected from the southeastern United States 
coast and U.S. Caribbean from 1979-2015 using sectioned sagittal otoliths. Opaque zones were determined to be annular, forming March - July 
(peaking in April-June). Blackfin Snapper ranged from 1-27 years and from 180-609 mm total length (TL). Body size relationships for Blackfin 
Shopper were sl-O7 Faca0-6 lene 203 er — 0-07) bl Or? ML btro Somme 2 OS t- —a07 7) allen Zoe slr kA 2 yan Ooh 10.71), 
FL= 1.14 SL+ 10.84 (n = 83, r? = 0.99); W = 7.79 x 10°? TL? (n = 216); and W = 9.54 x 10°? FL*!' (n = 228). The von Bertalanffy growth 


-0.20 (+151) (n = 


equation was: L, = 549 (1 —e 622). Point estimate of natural mortality was M = 0.16, while age-specific estimates of M ranged 


from 0.65-0.21/y for ages 1-27. This study presents the first findings of life history parameters for Blackfin Snapper from the Atlantic waters off 


the southeastern United States and U.S. Caribbean. 


KEYWORDS: Lutjanidae, Life history parameters, Fisheries management, Caribbean reef fish, data—limited species. 


INTRODUCTION 

Blackfin Snapper (Lutjanus buccanella Cuvier 1828, Fam- 
ily Lutjanidae) are found in the tropical western Atlantic and 
are capable of attaining weights of up to 14 kg but usually 
average < 4 kg (Grimes et al. 1977). The species is found 
from North Carolina throughout Bermuda and the Carib- 
bean, including the Gulf of Mexico, and as far south as 
northeast Brazil (Cervigon 1966). Adults typically inhabit 
the continental shelf edge or live—bottom areas in depths 
from 9-219 m. Blackfin Snapper are of minor importance 
to the southeastern United States (SEUS, North Carolina 
to Florida Keys, including the Dry Tortugas) reef fish fishery 
but are more important to anglers in the U.S. Caribbean 
(Puerto Rico and the U.S. Virgin Islands). Estimated recre- 
ational landings of Blackfin Snapper in the SEUS averaged 
1,006 kg from 1981-2014, while landings from the private/ 
charter sector in Puerto Rico averaged 5,178 fish annually 
from 2000-2012 (T. Sminkey, unpublished data, NMFS, Sil- 
ver Spring, MD). Commercial landings for the SEUS aver- 
aged 386 kg from 1982-2014 but were 22,750 kg annually 
from 2000-2014 for the U.S. Caribbean (D. Gloeckner, un- 
published data, NMFS Southeast Fisheries Science Center 
(SEFSC), Miami, FL). Sylvester et al. (1980) reported that 
Blackfin Snapper was the second most commonly landed 
deepwater Snapper in the U.S. Virgin Islands, behind Silk 
Snapper (Lutjanus vivanus). 

Blackfin Snapper is currently managed in the SEUS by 
the South Atlantic Fishery Management Council’s Snap- 
per—Grouper Fishery Management Plan (FMP; SAFMC 
2015) with a 305 mm total length (TL, 12 inches) minimum 
size limit in both commercial and recreational fisheries and 
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includes a 10 snapper per person per day bag limit (exclud- 
ing Red Snapper, Lutjanus campechanus, and Vermilion Snap- 
per, Rhomboplites aurorubens) in the recreational fishery. The 
species is managed in the U.S. Caribbean by the Caribbean 
Fishery Management Council’s Reef Fish FMP with annual 
catch limits. The Magnuson—Stevens Fishery Conservation 
and Management Act requires that annual catch limits be set 
for all managed species (or species groups) in both the SEUS 
and U.S. Caribbean territories, despite the fact that many of 
these species may be data—poor (SERO 2015). Data—limited 
assessment methods currently in use require basic inputs 
such as natural mortality or growth parameters which, when 
combined with catch histories or size distributions, can be 
used to estimate fishery targets or limits. Even this rudimen- 
tary data is sparse or non—existent for many reef fish species 
in the SEUS and U.S. Caribbean, however. 

We studied Blackfin Snapper from the SEUS in order to 
fill in data gaps in their life history in SEUS or U.S. Caribbean 
waters. While Claro and Lindeman (2008) published a 
thorough review of the biology of the family Lutjanidae from 
the tropical western Atlantic region, previous estimates of 
age—growth parameters or mortality rates of the species came 
from stocks outside the SEUS or U.S. Caribbean and were 
derived used methods other than sectioned sagittal otoliths 
(Thompson and Munro 1983: Jamaica, length frequency 
data; Espinoso and Pozo 1982: Cuba, urohyal bones). This 
study uses archived sagittal otolith samples collected over 
decades of sampling to provide the first estimates of life 
history parameters for Blackfin Snapper from the SEUS and 
U.S. Caribbean region, thereby filling in a significant data 
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gap and contributing to the proactive management of data— 
limited reef fish resources in the regions. 


MATERIALS AND METHODS 

Age determination and timing of opaque zone 
formation 

Blackfin Snapper (n 505) were opportunistically 
obtained from fisheries landings by NMFS and_ state 
agencies’ port agents sampling the recreational headboat 
and commercial fisheries along the SEUS coast from 1981- 
2015. Additional samples were collected by NMFS fishery— 
independent surveys from the waters of Puerto Rico and the 
US. Virgin Islands in 1979 and 2009 (n = 131). All fishery— 


dependent specimens were captured by conventional vertical 


hook and line or longline gear. Fishery—independent 
specimens were captured using vertical hook and line, 
bottom longline, or fish traps. Fork length (FL, mm) and/ 
or TL (mm) of specimens were recorded from fishery— 
dependent and fishery—independent samples, and standard 
length (SL, mm) from fishery—independent samples. Whole 
weight (W, kg) was recorded for fish landed in the headboat 
fishery and from fishery—independent samples. Fish landed 
by commercial fisheries were eviscerated at sea, thus whole 
weights were not available. Sagittal otoliths were removed 
and stored dry in coin envelopes. Otoliths were mounted 
on glass microscope slides and sectioned using a diamond— 
edged wafering blade on a Buehler Isomet low speed saw 
following the methods of Potts and Manooch (1995). Three 
0.5 mm sections were taken near the otolith core. The 
sections were mounted on microscope slides with thermal 
cement and covered with mounting medium before analysis. 
The sections were viewed under a dissecting microscope at 
12.5X using reflected light. Each sample was assigned an 
Opaque zone count by an experienced reader with extensive 
experience interpreting otolith sections (Burton 2001, 2002; 
Burton et al. 2012). Sections were read with no knowledge 
of date of capture or fish size. A randomly chosen subset 
of otoliths (n = 142; 23% of all otoliths) was then read by a 
second experienced reader and an index of average percent 
error (APE) was calculated following Beamish and Fournier 
(1981). 

Timing of opaque zone formation was assessed using edge 
analysis. The edge type of the otolith was noted: 1 = opaque 
zone forming on the edge of the otolith section; 2 = narrow 
translucent zone on the edge, generally < 30% of the width 
of the previous translucent zone; 3 = moderate translucent 
zone on the edge, generally 30% — 60% of the width of 
the previous translucent zone; 4 = wide translucent zone 
on the edge, generally > 60% of the width of the previous 
translucent zone (Harris et al. 2007). Based upon edge 
frequency analysis, all samples were assigned a calendar age, 
obtained by increasing the opaque zone count by one if the 
fish was caught before that year’s opaque zone was formed 
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and had an edge which was a moderate to wide translucent 
zone (type 3 or 4). Fish caught during the time of year of 
opaque zone formation with an edge type of 1 or 2, as well 
as fish caught after opaque zone formation, were assigned 
a calendar age equivalent to the opaque zone count. This 
adjustment to opaque zone counts functionally put each 
fish into its correct annual cohort. Finally, while Munro et 
al. (1973) suggested that peak spawning of Blackfin Snapper 
occurred in April in Jamaica, Erdman (1976) and Boardman 
and Weiler (1980) reported that Blackfin Snapper spawned 
year—round in Puerto Rico. Therefore, we decided not 
to adjust the age of the fish for the time of year caught 
(fractional age) due to the lack of a specific discrete birth 
month. 


Growth 

Von Bertalanffy (1938) growth parameters were estimated 
from the observed length at calendar age data using SAS 
PROC NLIN, a nonlinear regression procedure using the 
Marquardt iterative algorithm (SAS Institute, Inc. 1987). 
We anticipated there would be few fish of the youngest age 
classes available to us, as hook—and—line gear or fishers 
generally selected for larger fish, and because the SAFMC 
size limit since January 1992 of 305 mm TL may have 
excluded smaller fish from the landings. Consequently, 
the model would be unable to depict initial growth of the 
youngest fish, leading to difficulty in accurately estimating 
size at the youngest ages. We therefore re—ran the growth 
model using the method of McGarvey and Fowler (2002), 
which adjusts for the bias imposed by minimum size limits 
by assuming zero probability of capture below the minimum 
size limit. Size—at—age data were examined using analysis of 
variance (ANOVA) to determine if there were differences 
in total length—at—age by region (SEUS vs. U.S. Caribbean) 
and if pooling of data for estimation of growth curves was 
appropriate. 


Body—Size Relationships 

We examined the relationships between TL—W and 
FL—W for Blackfin Snapper for fish collected from the 
headboat fishery and the fishery—independent samples 
with non—linear regression and examining the residuals 
to determine if a In—In transformation of the data was 
appropriate. Samples from commercial fisheries were 
eviscerated at sea and thus weights were not available. We 
also examined the linear relationships between FL—TL and 


TL—FL (n = 203) and FL—SL and TL—SL (n = 83). 


Natural Mortality 

We estimated the instantaneous rate of natural mortality 
(M) using two methods: 

(1) Hewitt and Hoenig’s (2005) longevity mortality 
relationship, M = 4.22/t_, where tis the maximum age of 
the fish in the sample, and 

(2) Charnov et al.’s (2013) method using life history 
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parameters, M, = (L,/L,)"'? x K, where M, is natural 
mortality at age A, L_and K are the von Bertalanffy growth 
equation parameters and L, is fish length at age A. We 
used the midpoint between integer ages (e.g., 0.5, 1.5, 2.5, 
etc.) to calculate age—specific M, because the Charnov et 
al. (2013) method cannot mathematically calculate M for 
age—O. Additionally, for stock assessment purposes where 
the integer age is used to describe the entire year of the fish’s 
life, the mid—point gives the median value of M for that age. 

The equation of Hewitt and Hoenig (2005) uses maxi- 
mum age to generate a single point estimate of mortality. 
The Charnov et al. (2013) method, which incorporates life 
history information via the growth parameters, is based 
upon evidence suggesting that M decreases as a power func 
tion of body size. This method generates age—specific rates 
of M and has recently been used in the Southeast Data As- 
sessment and Review (SEDAR) stock assessments (E. Wil 
liams, pers. comm., NMFS Beaufort Laboratory, Beaufort, 
NC). 

There are many methods available with which to esti- 
mate natural mortality. We choose to use Charnov et al.’s 
M estimator function because the equation takes into ac 
count many aspects of life history strategies of many marine 
fish. We feel that Charnov’s equation is the more appropri- 
ate model to use versus the equation of Lorenzen (1996) 
for 2 reasons. First, Lorenzen’s method was developed using 
fish species from temperate regions almost exclusively and 
included lake, riverine and oceanic species and focused on 
body weight, but not other life history strategies. The fish 
in our study come primarily from a subtropical regime. Sec 
ondly, the Lorenzen equation used mean weight—at—age. 
Because many of our samples were from the commercial 
fishery where the weight of the fish was not available, there 
would have been more uncertainty in the mean weight— 
at—age compared to the mean 
length—at—age. Given the 
high correlation of weight 
to length, the using of mean 
length—at—age should not be 
any different than using the 
mean weight—at—age. 


FIGURE 1. Monthly percentages of all 
otolith edge types for Blackfin Snapper 
(Lutianus buccanella) collected from 
the southeastern United States and 
U.S. Caribbean from 1979-2015. 
Edge type codes: I=opaque zone 
on edge, indicating annulus forma- 
tion; 2=small translucent zone, <30% 
of previous increment; 3=moderate 
translucent zone, 30-60% of previous 
increment; 4=wide translucent zone, 
>60% of previous increment. 
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TABLE 1. Number of samples of sagittal otoliths that were used for age 
and growth study of Blackfin Snapper (Lutjanus buccanella) collected from 
1979-2015 from fisheries landings and fishery-independent sampling 
along the coast of the southeastern United States and the U.S. Caribbean. 
Samples were collected in the following states: North Carolina (NC), South 
Carolina (SC), and Florida (FL), Puerto Rico, and the U.S. Virgin Islands 
(Caribbean). 


State Commercial Recreational Fishery-Independent 
NC 230 1 0 
Se 93 5 0 
FL A5 LZ 0 
Caribbean @) 2 129 
TOTAL 368 125 129 
RESULTS 


Age determination and timing of opaque zone forma- 
tion 

A total of 636 otoliths from Blackfin Snapper were sec- 
tioned (Table 1); the majority came from the North Caro- 
lina and South Carolina commercial fisheries (39% and 
15%, respectively). Twenty—seven percent of Blackfin Snap- 
per sampled were from Florida, with the majority of these 
coming from the recreational sector. Fishery—independent 
samples from the Caribbean accounted for 22% of all sam- 
ples. Opaque zones were counted on 622 (98%) of Black- 
fin Snapper sections, as 14 samples were unreadable and 
excluded from the analysis. 

We were able to assign an edge type to all samples for our 
analysis of opaque zone periodicity. Blackfin Snapper oto- 
liths exhibited opaque zones on the margin from March- 
July, with peaks in April and June (Figure 1). A shift to a 


Ei Edge Type 4 
O Edge Type 3 
Edge Type 2 
WM Edge Type 1 
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FIGURE 2. Sections from sagittal otoliths of Blackfin Snapper (Lutjanus 
buccanella). A. 415 mm TL, age 3, edge-type 3; B. 425 mm, age 6, edge- 
type 2. Age was determined by counting opaque increments (indicated by 
arrows) along the ventral axis and sulcus using transmitted light at 12.5 X 
magnification. Brackets indicate marginal increment. 


narrow translucent edge was observed during July-Septem- 
ber and November. Blackfin Snapper otoliths were without 
an opaque zone on the edge from August through February. 
Moderate to wide translucent edge was found December- 
March, and the widest translucent edge was found in Febru- 
ary, prior to opaque zone formation beginning in March. 
We concluded that opaque zones in Blackfin Snapper oto- 
liths formed annually. Finally, calendar ages were assigned 
as follows: for fish caught January through July and having 
an edge type of 3 or 4, the annuli count was increased by 
one; for fish caught in that same time period with an edge 
type of 1 or 2 and for fish caught from August to December, 
the calendar age was equivalent to the annuli count. 
Blackfin Snapper sagittae (Figure 2) were clear and easy 
to interpret, resulting in an APE of 6.9% (n = 142) for 
Opaque zone count agreement between the two readers. Di- 


Reader 2 - Mean Age (years) 


—1:1 Line 


@ Reader2 average age 


10 12 14 16 
Reader 1 - Age (years) 


FIGURE 3. Age bias plot for 143 Blackfin Snapper sampled from the 
southeastern United States from 1979-2015 and aged by 2 primary 
readers. The first reader’s age estimates (X-axis) are plotted against the 
second reader’s mean age estimates for the same-aged fish (Y-axis). Error 
bars are 95% confidence intervals. 


18 20 22 24 = 26 


69 


rect agreement between readings was 55%, and this agree- 
ment increased to 97% when + 1 year was used. An age 
bias plot indicates good agreement between readers for ages 
1-15, with no apparent systematic tendency for the second 
reader to under— or overestimate ages in comparison with 
the first reader (Figure 3). The mean difference between 
readers for ages 1-27 was only 0.34 years. The largest differ- 
ence between readers was 2 years. 


Growth 

Blackfin Snapper in this study ranged from 180-609 
mm TL and ages 1-27 but only 8 fish were estimated to 
be >15 years old (Table 2). ANOVA results show that mean 
TL—at~age was not significantly different by geographic re- 


TABLE 2. Observed and predicted mean total length (TL, mm) from the 
freely estimated growth model and natural mortality at age (M, Charnov 
et al. 2013) for Blacktin Snapper (Lutjanus buccanella) collected from 
1979-2015 along the coast of the southeastern United States and U.S. 


Caribbean. Standard errors of the mean (SE) are provided in parentheses. 


Predicted 

Age n TL (mean + SE) TL range TL M/y 
] ] 237 - 217 0.65 
2 70 285 (5) 180 - 389 277 0.49 
3 152 326 (4) 211-448 327 0.40 
4 113 372 (5) 249 - 492 gO 0.34 
a 85 405 (7) 245-497 400 0.31 
6 69 A39 (6) 292-524 427 0.28 
7 33 473 (10) 335-609 449 0.27 
8 44 A60 (8) 293-568 467 0.25 
9 1 A55 (16) 304 - 565 A482 0.24 
10 9 A78 (37) 296-600 494 0.23 
11 9 518 (17) 398 - 561 504 0.23 
KZ 5 538 (20) 465 - 577 512 O22 
13 4 A75 (39) 382 - 565 519 Q.22 
14 2 A85 (27) 459-512 524 Q22 
15 3 5537(35} 483 - 595 529 0.21 
16 3 553 (11) 540 - 574 932 0.21 
17 2 579 (14) 565 - 593 535 0.21 
18 - - - 538 0.21 
FQ. ] 582 - 540 0.21 
20 ] 580 - 542 0.21 
21 - - - 543 0.21 
2 : = - 544 0.2] 
23 - - - 545 0.21 
24 - - - 546 0.21 
25 - - - 546 0.21 
26 - - - 547 0.21 
27 ] S12 - 547 0.21 
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TABLE 3. von Bertalanffy growth parameters and standard errors (SE) from Blackfin Snapper (Lutianus buccanella) from the southeastern United States and 


the U.S. Caribbean based on various model runs. Size-at-age was not significantly different by sex or by region (ANOVA: Fi2,620) = 1.61, p = 0.11). All 


lengths are TL (mm). All model runs were unweighted and not corrected for size-limit bias unless stated otherwise. 


Model Run n 
Unweighted, freely estimated, all data combined 622 
Bias-corrected, all data combined 587 
Florida-Caribbean region 293 
North Carolina-South Carolina region 329 
Females 91 
Males 85 


gion (Florida—Caribbean: n = 293; Carolinas: n = 329; Fae 
= 1.61, p = 0.11). We then pooled all data and the resulting 
estimated von Bertalanffy equation was: L, = 549 (1 — e°’° 
15D) (yn = 622; Figure 4, Table 3). 

There were few fish < age—2 available to us, no doubt 
because hook—and—line gear or fishers generally select for 
larger fish. Also, in 1992 the SAFMC enacted a 305 mm TL 
(12 inch) minimum size limit on the species in the South 
Atlantic jurisdiction. Consequently, the model was unable 


Loo (SE) K (SE) to (SE) 
549 (15) 0.20 (0.02) -1.51 (0.33) 
532 (9) 0.28 (0.01) -0.04 (1.90) 
579 (23) 0.16 (0.02) -1.60 (0.43) 
526 (21) 0.27 (0.05) -0.99 (0.46) 
584 (62) 0.12 (0.04) -2.26 (1.03) 
579 (37) 0.17 (0.04) -1.17 (0.72) 


to depict initial growth of the youngest fish, thus explaining 
the slightly negative estimate of t,. We therefore re—ran the 
growth model using the method of McGarvey and Fowler 
(2002), which adjusts for the bias imposed by minimum size 
limits by assuming zero probability of capture below the 
minimum size limit. The resulting von Bertalanffy growth 
equation was: L, = 532 (l-e~°8**°) (n = 587; Figure 4). 
While the bias—corrected von Bertalanffy model better 
estimated size at the youngest ages than the uncorrected 
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FIGURE 4. Comparison of southeastern United States - U.S. Caribbean Blackfin Snapper observed size at age to von Bertalanffy growth curves for 
freely estimated (unweighted) and size limit bias-corrected model runs (models follow McGarvey and Fowler 2002). 
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model (e.g., 130 mm TL vs. 217 mm TL for age—1), there 
was negligible difference in predicted sizes for most ages. By 
age—8 the curves converge and were nearly identical, with 
there being only 15 mm difference in predicted size at age— 
27, the oldest age in our sample (Figure 4). Our freely esti- 
mated growth curve fit the observed data very well, given 
the moderate range in length—at—age. 


Body—size relationships 

Body size relationships for Blackfin Snapper are shown 
in Table 4. The W—TL and W—FL relationships both ex 
hibited additive variance in the residuals (variance not in- 
creasing with size), therefore we concluded that the direct 
non—linear fit was appropriate. 


Natural mortality 
Natural mortality (M) was estimated to be 0.15/y for 


TABLE 4. Body-size relationships and associated statistics for Blackfin 
Snapper (Lutjanus buccanella) collected from 1979-2015 from the 
southeastern United States and the U.S. Caribean. 


Relationship n r? a (SE) b (SE) 
TL=bFL+a 203 0.99 0.81 (3.00) 1.09 (0.01) 
FL=bIL+a 203 0.99 3.38 (2.74) 0.91 (0.01) 
TL=bSL+a 83 O2o.7- 14.27 (6.24) 1.23 (0.02) 
FL=bSL+a 89 0.99 10.84 (2.84) 1.14 (0.01) 
W =all 216 - 7.79-*% 10? 3.09 (0.09) 
(4.47 x 10%) 
W = aF LP 228 - 9.54 x 10° 3.11 (0.08) 
(4.95 x 10%) 


Blackfin Snapper when integrating all ages into a single 
point estimate and using the maximum age from our study 
of 27 years. Age—specific estimates of M ranged from 0.65 
to 0.21/y for ages 1-27 (Table 2). 

When considering the cumulative estimate of survivor 
ship to the oldest age, the Hewitt and Hoenig method es- 
timates 2.3% survivorship, while the Charnov estimate is 
0.3%. Few of the fish in our samples were older than 12 years 
(17 of 622) and only 2 were 20 years or older (0.3%). Our age 
frequency suggests that the chance of survivorship to the old- 
est age may be as low as 0.3%. There is no evidence that the 
selectivity function of hook and line gear is dome shaped, 
thus our study had a chance of collecting the largest and old- 
est fish in the population. These observations give weight to 
the argument to use Charnov’s estimate of M at age. 


DiscUSSION 

This study fills important gaps in basic life history infor 
mation for Blackfin Snapper in the SEUS and U.S. Carib- 
bean. We have shown that sagittal otoliths are a suitable 
structure for ageing, with agreement between readers close 
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to Campana’s (2001) acceptable standard of 5% APE be- 
tween readers for species of moderate longevity and reading 
complexity. One opaque zone was deposited per year from 
March—July. These results are similar to timing of annulus 
formation for other members of the family Lutjanidae in 
the SEUS (June for Gray Snapper (Lutjanus griseus), Burton 
2001; May for Mutton Snapper (Lutjanus analis), Burton 
2002). We present the first description of growth of Blackfin 
Snapper in SEUS waters. The species grows fast, attaining 
a mean observed length of 372 mm TL by age—4. Growth 
of fish in our study slowed after reaching a mean observed 
length of 473 mm TL at age—7. Mean observed size—at—age 
fluctuated for older ages, probably due to a combination of 
small sample sizes at the oldest ages as well as variability in 
size—at—age. Our study contained 17 fish older than age— 
12, ranging from 382-595 mm TL, but our largest fish was 
a 609 mm TL individual that was only age—7. 

The maximum age of Blackfin Snapper in this study, 
27 years, is substantially larger than Espinozo and Pozo’s 
(1982) finding of a maximum age of nine years for Blackfin 
Snapper from the southeastern coast of Cuba, using urohyal 
bones, but is comparable to other Lutjanus spp. from the 
SEUS. The observed maximum age of Gray Snapper, a close 
congener, is 25 years (Burton 2001). Other large snappers 
have observed maximum ages recorded in the 40s (Mutton 
Snapper, SEDAR 2015) and 50s (Red Snapper, McInerny 
2007; Cubera Snapper (Lutjanus cyanopterus), ML Burton 
unpublished data). Smaller lutjanids such as Lane Snapper 
(Lutjanus synagris) and Mahogany Snapper (Lutjanus mahogo- 
ni), have maximum ages of just 11 to 18 years, respectively 
(Brennan 2004; ML Burton, unpublished data). Schoolmas- 
ter (Lutjanus apodus), a small to medium snapper found in 
coastal habitats in the Florida Keys, was found to have a 
maximum age of 42 years (Potts et al. 2016). The maximum 
age of Blackfin Snapper from this study should be not be 
considered a true maximum age since, with increased sam- 
pling, a new maximum could be encountered. 

The fact that there were no significant differences in 
mean TL—at—age between the northern sampled area 
(North Carolina-South Carolina) and the southern sam- 
pled area (Florida—U.S. Caribbean) allowed us to pool our 
data to generate a combined growth curve. This result may 
be useful to managers in areas with less resources available 
to conduct studies to generate life history information. 
These vital life history data could be combined with catch 
data using data—limited assessment methodologies to gener- 
ate annual catch limits. 

Natural mortality (M) of wild populations of fish is dif 
ficult to estimate but is an important input variable into 
stock assessments. A point estimate of M, such as that ob- 
tained using the method of Hewitt and Hoenig (2005), for 
the entire life span of a fish seems relatively uninformative, 
because as fish grow they become less vulnerable to preda- 
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tion. The estimate of M derived from the maximum age 
was a reasonable estimate for the fully recruited ages in our 
study but is an insufficient estimate of M for all ages. The 
age—varying M calculated using Charnov et al. (2013) is a 
more appropriate estimator for the younger ages. The initial 
Charnov estimates of M starting with the fully recruited age 
of 4 are slightly more than double the Hewitt and Hoenig 
estimate, reflecting higher natural mortality at younger ages. 
The age—specific estimates of M for the older ages continue 
to decrease until stabilizing at 0.21 at age—15. 

When we compare estimates of M from this study with 
estimates from other lutjanids, we need to be cognizant of 
differences in both maximum size and longevity, two factors 
that influence estimates of M. Potts et al. (2016) estimated 
M = 0.47-0.12 for Schoolmaster for ages 1-42. Schoolmaster 
is a slightly smaller—sized fish than Blackfin Snapper but it 
has a higher maximum age (42 years vs. 27 years). Cubera 
Snapper, the largest lutjanid in the SEUS, is both larger and 
longer—lived than Blackfin Snapper (maximum size 1422 
mm TL, maximum age 55 years; ML Burton, unpublished 
data), but the range of estimated values for M was similar, 
0.50- 0.05 for ages 1-55. Survivorship to the oldest age is 
similar between these three lutjanids, with Schoolmaster 
survivorship estimated at 0.3% (Potts et al. 2016) and Cu 
bera Snapper survivorship estimated at 0.2% (ML Burton, 
unpublished data). 

One limitation of many age—growth studies is the lack 


of fish in smaller size classes, due to the fishery—dependent 
nature of the samples as well as the selectivity of fishing gear. 
We included fishery—independent samples to help overcome 
this problem, but only 11% of our samples were age—2 or 
younger, no doubt because the majority of our fishery—inde- 
pendent samples were still collected with gear (hook—and— 
line) that was selective for larger fish. One potential way to 
address this problem in future studies would be to structure 
fishery—independent sampling to include gear types that did 
not select only for larger fish (e.g., trawl, spear). 

The data in this study were collected over a protracted 
period of time (36 years). While one could argue that this 
approach would be beneficial in capturing natural variabil- 
ity, it is true that population parameters can vary inter—an- 
nually for various reasons (e. g., variable recruitment, envi- 
ronmental variability, changes in fishing pressure), and it is 
likely that parameter estimates based on samples collected 
over a long time period would have increased variability. 
Reducing this variability may be possible by increasing the 
sample sizes or adding consistency to the temporal spread of 
samples. Species such as Blackfin Snapper are harvested fre- 
quently enough from SEUS waters that obtaining adequate 
biological samples for age and reproduction studies should 
not be problematic. With a minimal increase in resources, 
more gaps in information for data—poor and data—limited 
species, in both the SEUS and U.S. Caribbean, should be 


eliminated. 
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INTRODUCTION 

Invasion of lionfish from the Indo—Pacific Ocean into the 
western Atlantic Ocean has recently become the subject for 
ecological investigation directed at exploring concepts per 
taining to host—parasite ecology (Sikkel et al. 2014, Sellers 
et al. 2015). The potential impact that host—parasite interac 
tions may have on the relative success of lionfish in their new 
habitat is of particular interest. The value of data analyzed in 
such ecological investigations is dependent on accurate iden- 
tification of parasite species, which in turn is dependent on 
the ability to verify parasite identifica- 
tion with vouchered museum specimens 
and sequence data. Studies identifying 


sites (from the heart and digestive tract) between 12 and 24 
h after capture. 

Leeches were cold—shocked or recently dead and therefore 
not relaxed prior to preservation in 70% ethanol. Arthro- 
pods were preserved in 70% ethanol. Digeneans and a nem- 
atode were removed, fixed using hot water, and preserved 
in 70% ethanol. Digeneans were stained using aqueous 
Meyer’s hematoxylin, dehydrated through an alcohol series, 
cleared in methyl salicylate, and mounted in Damar gum. 


TABLE 1. Collections of Red Lionfish, Pterois volitans, examined for parasites. 


Collection Latitude Longitude Bottom Depth 

parasites of invasive lionfish in the west date habitat (m) | Number of fish examined 
ern Atlantic Ocean that are supported ee ideal aad 
by museum vouchered specimens or only (n=25) external (n=24) 
published sequence data are limited to 
4 reports (Ruiz—Carus etal 2006, Bik 3/29/2013 3031 -86.60 = Artificial 26 ] 
lard et al. 2011, Ramos—Ascherl et al. ued ae ae pa Ne fs ; 
2015, Claxton et al. 2017), so there is sf Sec a Ee ate au 3h 
a need to improve the current state of 6/14/2013 24.65  +-83.43.—s Natural 81 
knowledge of parasites of invasive lion- 6/15/2013 25.53 aioe uNeHEI 59 1 
fish. This study reports and vouchers 6/22/2013 28.34 91.18 Arttcial 30 ] 
some parasites from invasive Red Lion- 7/1/2013 30.32 “96582 Natural 26 1 
fish from the northern Gulf of Mexico. 9/21/2013 27.26 83.01 Natural 26 1 
MATERIALS AND METHODS 10/1/2013 29.69 -87.40 Natural 32 ] 

Red Lionfish (Pterois volitans [Lin- PSPS esos? ie Bot ‘ 

12/3/2018 29.97 -87.2 1 Artificial 34 &: 

naeus, 1758]) were collected from the 2/25/2014 30.15 Roum ROT ae i 
Gulf of Mexico between 29 March 2013 3/21/2014 30.18 lopioe, | Neuaa 36 P 
and 13 October 2014 (see Table 1). Fish 4/12/2014 27.45 83.27. Artificial 34 5 
were collected and identified following 4/22/2014 30.04 -87.56 Artificial cy, ] 8 
methods described in Fogg et al. (2013, 4/26/2014. 29.59 ~—-88.05.— Artificial «= 1 
2014). Forty—nine fish from a separate 5/2/2014 30.08 87.20 Artificial =—-27 1 
life history study of Red Lionfish were 6/10/2014 30.11 8725 Artificial 3.4 3 
opportunistically examined for external 6/10/2014. 28.71 -84.49 Natural Al 1 
parasites (skin, fins, mouth and gills), 6/18/2014 27.13 83.31 Natural 42 | 
Twenty—four of the 49 fish were placed 9/7/2014 29.61 88.10 Artificial 40 | 
on ice after initial external examination 10/13/2014 30.13 “86.04 Natural 28 


and further examined for internal para- 


$l 
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The nematode was cleared and mounted in warm glycerin 
jelly for microscopic examination. Arthropods and leeches 
were directly examined in ethanol and temporarily cleared 
and examined using lactic acid. Identification of leeches was 
based on Ingram (1957) and Meyer (1965). Identification of 
arthropods was based on Richardson (1905), Wilson (1911, 
1917), Brusca (1981), Kensley and Schotte (1989), and Wik 
liams and Bunkley—Williams (1996). 

Two ecological parameters, prevalence and mean inten- 
sity of infection (with standard deviation), were calculated 
for each species of parasite when appropriate. Parasite preva- 
lence is the percentage of fish examined that are infected 
with a particular parasite species; mean intensity is the 
mean number of a particular parasite species per individual 
infected host (Bush et al. 1997). Ecological data 
were pooled for the entire study area due to the 
small number of fish examined. Reef habitat 
type was noted as natural or artificial for each 
captured fish and its associated parasites. Rep- 


Jacksonville, Florida (see Ruiz—Carus et al. 2006, Bullard 
et al. 2011), and Puerto Rico (Ramos—Ascherl et al. 2015). 
Trachelobdella lubrica is known to infest P. volitans in the Red 
Sea (see Paperna, 1976); consequently, T. lubrica is the only 
known parasite that invasive lionfish share with fish from 
their native range. 

Arthropoda 

Three isopod species and 2 copepod species were col 
lected. In all cases, infested fish had a single arthropod par- 
asite. The isopods Rocinela signata Schiddte and Meinert, 
1879 and Nerocila acuminata Schiddte and Meinert, 1881 
each infested 4 of 49 fish examined (Prevalences = 8.2%). 
Rocinela signata occurred only on natural reefs (near Sara- 
sota and Pensacola, Florida) while N. acuminata occurred 


TABLE 2. Parasites of the Red Lionfish, Pterois volitans, from the northern Gulf of Mexico. 
The location of the parasite on the host and museum accession numbers for representa- 
tive vouchers are indicted. *Represents a new host record for the parasite. USNM—United 
States National Museum, Smithsonian Institute, Washington, D.C.; GCRLM—Gulf Coast 
Research Laboratory Museum, Ocean Springs, MS. 


resentative voucher specimens of each species 
of parasite are deposited in the United States 
National Museum in the Smithsonian Institu- 
tion, Washington, D.C., and in the Gulf Coast 
Research Laboratory Museum, Ocean Springs, 
Mississippi (Table 2). 


RESULTS AND DISCUSSION 

We collected 9 species of parasites during 
the study. Four of the 9 taxa are reported from 
the Red Lionfish for the first time (Table 2). 

Annelida 

A single species of marine leech, Trachelobdel- 
la lubrica (Grube, 1840) Ingram, 1957, infested 
the mouth or inner operculum of 10 of 49 fish 
(Prevalence = 20.4%, Mean intensity = 1.2 + 
0.63). The leech occurred at both natural and 
artificial reefs. Trachelobdella lubrica is known 
to occur in clear, high—salinity habitats, and 
infests a wide variety of teleosts over much of 
the warm Atlantic Ocean, Mediterranean Sea, 
and Red Sea (Sawyer, 1986). Meyer (1965) re- 
described the species based on material from 
an unidentified serranid fish from western Af 
rica, providing the best available taxonomic de- 
scription for the species. Williams et al. (1994) 
reported T. lubrica from fishes from the orders 
Elopiformes, Myctophormes and Perciformes 
in the Caribbean Sea, and Saglam et al. (2003) 
and Sanver—Celik and Aydin (2006) reported 
T. lubrica from the Black Scorpionfish, Scorpae- 
na porcus Linnaeus, 1758, and the Red Scorpi- 
onfish, Scorpaena scrofa Linnaeus, 1758, in the 
Dardanelles of the Aegean Sea. Trachelobdella 
lubrica was reported from lionfish from near 


Parasite Phylum 
Class/Subclass 
Order 
Family 
Species 


Annelida 
Clitellata/Hirudinea 
Rhynchobdellida 
Piscicolidae 
Trachelobdella lubrica 


Arthropoda 
Malacostraca/Eumalacostraca 
lsopoda 
Aegidae 
Rocinela signata 


Corallanidae 
Alcirona krebsii* 


Cymothoidae 


Nerocila acuminata* 


Maxillipoda/Copepoda 
Siphonostomatoida 
Caligidae 
Caligus lobodes* 
Pennellidae 
Lernaeenicus cf. polyceraus* 


Nematoda 
Chromadorea/Chromadoria 
Rhabditida 
Raphidascarididae 
Raphidascaris sp. 


Platyhelminthes 
Trematoda/Digenea 
Plagiorchiida 
Didymozoidae 
Unidentified adult 
Hemiuridae 
Lecithochirium floridense 


SC2 


Site on/in host 


Museum 
accession # 


Gill chamber, operculum USNM 1420607- 


Mouth, gills, pectoral fin 
External surface, gills 


Fins, external surface 


External surface 


Tongue, operculum, 
mandible muscles 


Intestine 


Inner operculum 


Stomach 


1420614 


GCRLM 06577-80 
GCRLM 06581-2 


GCRLM 06573-6 


USNM 1420615 


USNM 1420616-7, 
GCRLM 06583 


Not deposited 


USNM 1420618 


GCRLM 06569-72 
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on a natural reef (near Sarasota, Florida) and artificial reefs 
(near Mississippi and Alabama). Both of these isopod spe- 
cies are known to be generalist parasites of various fishes in 
the Gulf of Mexico (Kensley and Schotte 1989). A third iso- 
pod species, Alcirona krebsii Hansen, 1890, infested the gills 
of a fish and the external surface of another, both at natural 
reef sites (near Destin, Florida and near Sarasota, Florida; 
Prevalence = 4.0%). Alcirona krebsii is typically a free—living 
associate of sponges and corals and is not normally a para- 
site on fishes; however, Richardson (1905) reported that 2 
individuals infested a “Hamlet Grouper” in the Atlantic. 
The infestation we observed on the Red Lionfish may or 
may not represent an accidental association. Similarly, Poole 
(2011) reported that another corallanid isopod specimen be- 
longing in Excorallana Stebbing, 1904 infested the gills of P. 
volitans from the Caribbean Sea but members of that genus 
are also free—living and not normally parasites on fish. Of 
the 3 isopod species collected, only R. signata had been pre- 
viously reported to infest P. volitans in Puerto Rico (Ramos— 
Ascherl et al. 2015) and Panama (Sellers et al. 2015). 

A single adult specimen of the copepod Caligus lobodes 
(Wilson, 1911) Kabata, 1979 infested the skin of a fish from 
a natural reef near Sarasota, Florida. This copepod was 
originally described from an infestation from the head of 
the Great Barracuda, Sphyraena barracuda Walbaum, 1792, 
from the Dry Tortugas, Florida. Caligus lobodes is well— 
known from Great Barracuda in the Caribbean Sea and 
Gulf of Mexico (see Williams and Bunkley—Williams 1996), 
and was also reported from Sphyraena sp. from the Indian 
Ocean (Lewis et al. 1969). This represents the first global 
report of C. lobodes from a Red Lionfish. Five specimens of 
the copepod Lernaeenicus cf. polyceraus Wilson, 1917 were 
found embedded in the tongue or musculature associated 
with the dentary on 5 fish (Prevalence = 10.2%) collected 
from both natural and artificial reefs (Figure 1). The speci- 
mens conform closely to the description of L. polyceraus by 
Wilson (1917), but certain elements of the cephalothorax of 
each specimen were damaged or removed during collection. 
Observation of number and size of all swimming legs, which 
represent key generic features for Lernaeenicus Le Sueur, 
1824, was not possible, rendering the identification of this 
species reasonable but tentative. Lernaeenicus polyceraus is in- 
frequently reported but known to occur on a variety of fish- 
es in the western Atlantic Ocean. Wilson (1917) described 
the species on the basis of the holotype from the Atlantic 
Tomcod, Microgadus tomcod (Walbaum, 1792) at Woods 
Hole, Massachusetts and two paratypes from Red Goatfish 
(as Upeneus maculatus, a junior subjective synonym of the 
Spotted Goatfish, Pseudupeneus maculatus (Bloch, 1793), (see 
page 992 of Eschmeyer 1998, Eschmeyer and Fong 2016) at 
Beaufort, North Carolina. Pearse (1947) reported L. polycer- 
aus from the Bay Anchovy, Anchoa mitchilli (Valenciennes, 


1848), the American Eel, Anguilla rostrata (Le Sueur, 1817) 


SC3 


3 % 


FIGURE 1. Lernaeenicus cf. polyceraus from the Red Lionfish, Pterois 
volitans, from the northern Gulf of Mexico near Destin, Florida. A. Adult 
female specimen anchored on the ventral side of tongue. B. Specimen 
removed from tongue revealing anchored anterior end. Scale bar = 5 mm. 


and the Naked Goby, Gobiosoma bosc (Lacepéde, 1800), 
all from Beaufort, North Carolina. Skinner (1978) reported 
L. polyceraus from the Vermilion Snapper, Rhomboplites au- 
rorubens (Cuvier, 1829), from near Panama City, Florida. 
This represents the first global report of L. polyceraus from 
a Red Lionfish. 

Nematoda 

A single mature female specimen of Raphidascaris sp. in- 
fected the intestine of 1 fish from a natural reef near Destin, 
Florida; however, after preliminary identification the speci- 
men was lost. Observed features consistent with Raphidas- 
caris Railliet and Henry, 1915 according to Hartwich (1974) 
were: spines absent on cuticular rings, and an appendix 
emanated from a ventriculus. The position of the excretory 
pore was not noted. Ramos—Ascherl et al. (2015) reported 
adult Raphidascaris sp. from the stomach of P. volitans in the 
vicinity of Puerto Rico. 

Platyhelminthes 

Two species of Platyhelminthes, both adult digeneans, 
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were collected. One was represented by a single specimen 
belonging in the Didymozoidae Monticelli, 1888 that was 
embedded beneath the epidermis of the inner opercle of 
a fish from a natural reef near Sarasota, Florida. The ante- 
rior extremity was not intact preventing further identifica- 
tion. Neotorticaecum—type didymozoid metacercaria were 
reported from the stomach of P. volitans in Puerto Rico (see 
Ramos—Ascherl et al. 2015), but it is not clear if the adult re- 
ported herein is conspecific with the larval stage from Puer- 
to Rico. The other digenean species, Lecithochirium floridense 
(Manter, 1934) Crowcroft, 1946, was the most common patr- 
asite encountered during the present study. Lecithochirium 
floridense infected the stomachs of 13 of 24 fish (Prevalence 
= 54.2%, Mean intensity = 7.7 + 5.92), from both natural 


and artificial reefs. Lecithochirium floridense is a common 
generalist stomach parasite of teleosts in the western Atlan- 
tic Ocean, where it is known to infect perhaps as many as 
60 species of pelagic and reef—oriented fishes, including the 
Red Lionfish (Bullard et al. 2011). Based on high prevalence 
of L. floridense reported in this and recent studies of invasive 
lionfish parasites, L. floridense represents the most success- 
ful parasite colonizer of Red Lionfish in the western Atlan- 
tic Ocean (Bullard et al. 2011; Ramos—Ascherl et al. 2015; 
Sellers et al. 2015; Claxton et al. 2017). The present study 
confirms what common sense would predict: only generalist 
parasites are found in invasive Red Lionfish in the Gulf of 
Mexico and no exotic parasites have been detected thus far. 


ACKNOWLEDGEMENTS 

We thank: Coast Watch Alliance, Perdido Key Chamber of Commerce, Mississippi Gulf Fishing Backs 
Inc., Mississippi Chapter of American Fisheries Society, National Oceanic and Atmospheric Administra- 
tion, Florida Fish and Wildlife Conservation Commission, Alabama Department of Marine Resources, 
Gulf Coast Lionfish Coalition, Dauphin Island Sea Lab, Zookeeper LLC, Lytle Scholarship, Tom Mcllwain 
Scholarship, Reef Pirate Emerald Coast Reef Association, Florida Skin Divers Association, Sarasota Un- 
derwater Club, Tampa Bay Spearfishing Club, Louisiana Council of Underwater Dive Clubs, and Canyon 
Coolers for their generous financial and logistical support in the acquisition of lionfish samples. We also 
thank the undergraduate interns at GCRL (Charles Duffie, Cody Jones, Jennifer Gross, Eileen Gibson, 
Judith Gonnello, Alicia Monroe, Megan McKenzie, and Aimee Rust) for laboratory assistance in processing 


lionfish. 


LITERATURE CITED 


Brusca, R.C. 1981. A monograph on the isopoda Cymothoidae 
(Crustacea) of the eastern Pacific. Zoological Journal of the 
Linnean Society 73:117—199. doi: 10.1111/j.1096— 3642.1981. 
tb01592.x. 


Bush, A.O., K.D. Lafferty, J.M. Lotz, and A.W. Shostak. 1997. 
Parasitology meets ecology on its own terms: Margolis et al. 
revisited. Journal of Parasitology 83:575—583. doi: 
10.2307/3284227. 


Bullard, S.A., A.M. Barse, S.S. Curran, and J.A. Morris, Jr. 2011. 
First record of a digenean from invasive lionfish, Pterois cf. 
volitans, (Scorpaeniformes: Scorpaenidae) in the northwest 
ern Atlantic Ocean. Journal of Parasitology 97:833—837. doi: 
10.1645/GE—2746.1. 


Claxton, A.T., A.D. Fuehring, M.J. Andres, T.D. Moncrief, and 
S.S. Curran. 2017. Parasites of the Vermilion Snapper, Rhom- 
boplites aurorubens (Cuvier), from the western Atlantic Ocean. 
Comparative Parasitology 84(1):in press. 


Eschmeyer, W.N., editor. 1998. Catalog of Fishes. Special Pub- 
lication No. 1 of the Center for Biodiversity Research and 
Information. Volume 2, Species of Fishes (M—Z). California 


Academy of Sciences, San Francisco, CA, USA, p. 960—1,820. 


SC4 


Eschmeyer, W.N. and J.D. Fong. 2015. Species of Fishes by family/ 
subfamily. http://research.calacademy.org/research/ichthyol- 
ogy/catalog/SpeciesByFamily.asp. (viewed on 2/3/2015) 


Fogg, A.Q., E.R. Hoffmayer, W.B. Driggers HI, M.D. Campbell, 
G.J. Pellegrin, and W. Stein. 2013. Distribution and length 
frequency of invasive lionfish (Pterois sp.) in the northern 
Gulf of Mexico. Gulf and Caribbean Research 25:111—115. 
doi: 10.18785/gcr.2501.08. 


Fogg, A.Q., M.S. Peterson, and N.J. Brown—Peterson. 2014. 
Northern Gulf of Mexico lionfish: Distribution and repro- 
ductive life history trajectories. Proceedings of the Gulf and 


Caribbean Fisheries Institute 66:206—207. 


Hartwich, G. 1974. No. 2. Keys to Genera of the Ascaridoidea. In: 
R.C. Anderson, A.G. Chabaud, and S. Willmott, eds. CIH 
Keys to the Nematode Parasites of Vertebrates. Common- 
wealth Agricultural Bureaux International, Wallingford, Uk, 


15 p. doi: 10.1186/1756—3305—2—42. 


Ingram, D.M. 1957. Some Tasmanian Hirudinea. Papers and Pro- 
ceedings of the Royal Society of Tasmania 91:191—2372. 


Kensley, B. and M. Schotte. 1989. Guide to the marine isopod 
crustaceans of the Caribbean. Smithsonian Institution 


Lionfish parasites in the Gulf of Mexico 


Press, Washington, D.C., USA, 308pp. doi: http://dx.doi. 
org/10.5962/bh1L. title. 10375. 


Lewis, A.G., J. Dean, and E. Gilfillan, HI. 1969. Taxonomy and 
host associations of some parasitic copepods (Crustacea) 
from pelagic teleost fishes. Pacific Science 23:414—437. 


Meyer, M.C. 1965. Fish leeches (Hirudinea) from tropical West 
Africa. Scientific results of the Danish expedition to the 
coasts of tropical West Africa. Atlantide Report 8:237—245. 


Paperna, I. 1976. Parasitological survey of fishes of the Red Sea 
and the Indian Ocean. In: Z. Reiss and I. Paperna, eds. Fifth 
report of the H. Steinitz Marine Biology Laboratory, H. 
Steinitz Marine Biology Laboratory, Elat, Israel, 69 p. 


Pearse, A.S. 1947. Parasitic copepods from Beaufort, North 
Carolina. Journal of the Elisha Mitchell Scientific Society 
63:1—16. 


Poole, T. 2011. The sensitivity of the invasive lionfish, Pterois 
volitans, to parasitism in Bonaire, Dutch Caribbean. Physis 
Journal of Marine Sciences 9:44—49. 


Ramos—Ascherl, Z., E.H. Williams, Jr., L. Bunkley—Williams, 
LJ. Tuttle, P.C. Sikkel, and M.A. Hixon. 2015. Parasitism in 
Pterois volitans (Scorpaenidae) from coastal waters of Puerto 
Rico, the Cayman Islands, and the Bahamas. Journal of Para- 


sitology 101:50—56. doi: 10.1645/13—422.1. 


Richardson, H. 1905. A monograph on the isopods of North 
America. Bulletin of the United States National Museum 
54:727 pp. doi: 10.5479/si.03629236.54-.i. 


Ruiz—Carus, R., R.E. Matheson, D.R. Roberts, and P.E. Whit 
field. 2006. The western Pacific red lionfish, Pterois volitans 
(Scorpaenidae), in Florida: Evidence for reproduction and 
parasitism in the first exotic marine fish established in state 
waters. Biological Conservation 128:384—390. doi: 10.1016/j. 
biocon.2005.10.012. 


Saglam, N., M. Cemal—Oguz, E. Sanver—Celik, S. Ali-Doyuk, 
and A. Usta. 2003. Pontobdella muricata and Trachelobdella 
lubrica (Hirudinea: Piscicolidae) on some marine fish in 
the Dardanelles, Turkey. Journal of the Marine Biologi- 
cal Association of the UK 83:1315— 1316. doi: 10.1017/ 
$0025315403008749. 


9C5 


Sanver—Celik, E. and S. Aydin. 2006. Effect of Trachelobdella 
lubrica (Hirudinea: Piscicolidae) on biochemical and hae- 
matological characteristics of black scorpion fish (Scorpaena 


porucs, Linnaeus 1758). Fish Physiology and Biochemistry 
32:255—260. doi: 10.1007/s10695—006—9003—y. 


Sawyer, R. T. 1986. Leech biology and behavior, volumes [—III. 
Oxford University Press, Oxford, U. K., 1065 p. 


Sellers, A.J., G.M. Ruiz, B. Leung, and M.E. Torchin. 2015. Re- 
gional variation in parasite species richness and abundance 
in the introduced range of the invasive lionfish, Pterois 
volitans. PloS ONE 10(6):e0131075. doi: 10.1371/journal. 
pone.0131075. 


Sikkel, P.C., L.J. Tuttle, K. Cure, A.M. Coile and M.A. Hixon. 
2014. Low susceptibility of invasive red lionfish (Pterois voli- 
tans) to a generalist ectoparasite in both its introduced 
and native ranges. PloS ONE 9(5):e95854. doi: 10.1371/jour 
nal.pone.0095854. 


Skinner, R. H. 1978. Some external parasites of Florida fishes. 
Bulletin of Marine Science 28:590—595. 


Williams, Jr., E-H. and L. Bunkley—Williams. 1996. Parasites of 
offshore big game fishes of Puerto Rico and the western At 
lantic. Puerto Rico Department of Natural and Environmen- 
tal Resources, San Juan, PR, and the University of Puerto 
Rico, Mayaguez, PR. 382 p. 


Williams, Jr., E.H., L. Bunkley—Williams, and E.M. Burreson. 
1994. Some new records of marine and freshwater leeches 
from Caribbean, southeastern U.S.A., eastern Pacific, and 
Okinawan animals. Journal of the Helminthological Society 


of Washington 61:133—138. 


Wilson, C.B. 1911. North American parasitic copepods. De- 
scriptions of new genera and species. Proceedings of the 
United States National Museum 39:625—634. doi: 10.5479/ 
si.00963801.39—1805.625. 


Wilson, C.B. 1917. North American parasitic copepods belong- 
ing to the Lernaeidae with revision of the entire family. Pro- 
ceedings of the United States National Museum 53:1— 150. 
doi: 10.5479/si.00963801.53—2194.1. 


Gulf and Caribbean Research 


Volume 27 | Issue 1 


2016 


Pelagic Sargassum in the Tropical North Atlantic 


James S. Franks 
USM-GCRL-Center for Fisheries R&D, jim.franks@usm.edu 


Donald R. Johnson 
USM-GCRL-Center for Fisheries R&D, donald.r.johnson@usm.edu 


Dong S. Ko 
US Naval Research Laboratory, ko@nrlssc.navy.mil 


Follow this and additional works at: https://aquila.usm.edu/gcr 
To access the supplemental data associated with this article, CLICK HERE. 


Recommended Citation 


Franks, J. S., D. R. Johnson and D. S. Ko. 2016. Pelagic Sargassum in the Tropical North Atlantic. Gulf and Caribbean Research 27 


(1): SC6-SC11. 
Retrieved from https://aquila.usm.edu/gcr/vol27/iss1/8 
DOI: https://doi.org/10.18785/gcr.2701.08 


This Short Communication is brought to you for free and open access by The Aquila Digital Community. It has been 
accepted for inclusion in Gulf and Caribbean Research by an authorized editor of The Aquila Digital Community. For 


more information, please contact aquilastaff@usm.edu. 


Gulf and Caribbean Research Vol 27, SC6-11, 2016 
DOI: 10.18785/ger.2701.08 


Manuscript received, May 11, 2016; accepted, September 20, 2016 


SHORT COMMUNICATION 


PELAGIC SARGASSUM IN THE TROPICAL NORTH ATLANTIC 


James S. Franks’, Donald R. Johnson!, and Dong S. Ko? 


‘Center for Fisheries Research and Development, Gulf Coast Research Laboratory, School of Ocean Science and Technology, The 
University of Southern Mississippi, Ocean Springs, Mississippi, 39564; ?Oceanography Division, Naval Research Laboratory, Stennis 
Space Center, Mississippi, 39522; “Corresponding author, email: jim.franks@usm.edu 


Key WorbDs: Marine macroalgae, Sargassum blooms, Caribbean, West Africa, Equatorial currents 


INTRODUCTION 

Pelagic Sargassum, a complex of two co—occurring species 
of floating marine brown macroalgae (Sargassum natans, Sar 
gassum fluitans; Class Phaeophyceae), is commonly found in 
surface waters of the Sargasso Sea and the northwestern Gulf 
of Mexico (GOM) (Lapointe 1995, Gower and King 2008), 
areas where ocean eddies tend to retain and consolidate de- 
ployed surface drifters. Winds and ocean currents aggregate 
the Sargassum into large neustonic rafts tens of meters wide 
(Marmorino et al. 2011) and weed lines (windrows) that ex 
tend across the ocean surface for tens of kilometers (Butler 
et al. 1983, Hu et al. 2105, Hu et al. 2016). These Sargassum 
features provide habitat for a large and diverse assemblage of 
marine organisms (Coston—Clements et al. 1991, Wells and 


Rooker 2004, Hoffmayer et al. 2005, Hallett, 2011, Huffard 


et al. 2014) but may also raft invasive species. 

Beginning in boreal spring and summer of 2011, massive 
quantities of pelagic Sargassum have intermittently washed 
ashore along the coastlines of eastern Caribbean islands and 
West Africa (Franks et al. 2011; Supplemental Figure S1A— 
F). Pelagic Sargassum was also spotted by aircraft offshore of 
northeastern Brazil where not previously observed (de Széchy 
et al. 2012). The quantity and the frequency of occurrence 
of pelagic Sargassum in the beach stranding events created 
immediate problems for fishery and tourism industries of 
nations on both sides of the tropical Atlantic, and ecological 
impacts remain largely unknown. 

Pelagic Sargassum that appeared in the eastern Caribbean 
events was first suspected to come from the Sargasso Sea 
(Webster and Linton 2013) and later thought to originate off 
northeastern Brazil (Gower et al. 2013). However, when the 
first massive incursions in 2011 were reported online to the 
Gulf and Caribbean Fisheries Institute (gcfinet@listserv.gcfi. 
org), it became clear that this was a broad scaled, complex 
event. A web site was established for documenting locations 
and dates of mass strandings (gcrl.usm.edu/sargassum). 

Following the 2011 strandings, extensive pelagic Sargas- 
sum lines were observed far offshore by color satellite (Gower 
et al. 2013), and beach strandings were documented over a 
broad area of the tropical North Atlantic, including west Af 
rica from Sierra Leone to the Gulf of Guinea (Oyesiku and 


Egunyomi 2014) and South America from northeast Brazil 
to the Caribbean (Gower et al. 2013, Smetacek and Zingone 
2013). Although pelagic Sargassum was previously reported 
in the tropical North Atlantic (Taylor 1960), it had never 
been observed in such large quantities as occurred in 2011 
(Franks et al. 2011). Since there were no documented reports 
of pelagic Sargassum being transported in large quantities on 
currents from the North Atlantic Gyre into the tropical At 
lantic, and lacking evidence to the contrary from either in 
situ observations or satellite imagery, indications were strong 
that the Sargassum bloomed (Schell et al. 2015) in an area 
we identified as the North Equatorial Recirculation Region 
(NERR, Franks et al. 2011; Figure 1). The NERR is substan- 
tially larger than could be expected to produce Sargassum 
blooms via coastal eutrophication (Smetacek and Zingone 
2013). Our previous work to determine the source of the 
pelagic Sargassum that stranded in the eastern Caribbean 
demonstrated that it most likely passed through the Guiana 
Current/North Brazilian Current system (Franks et al. 2011; 
see Supplemental Figure S2A). This low—latitude limb of the 
North Atlantic western boundary current originates in equa- 
torial currents (Johns et al. 2002). 

The nature of its origin and reasons for its unusual bloom 
in recent years will require knowledge of pelagic Sargassum 
growth rates in the NERR, genetic associations and under- 
standing of climate changes in tropical ecosystems (including 
equatorial ocean dynamics) which would enable a massive 
broad—scale bloom and regional consolidations to occur. 
Historical tropical Atlantic circulation patterns (Philander 
2001) suggest that pelagic Sargassum in the NERR can be 
retained during summer months (July—September) when the 
North Equatorial Counter Current (NECC; Supplemental 
Figure S2A) is established. From January through May, how- 
ever, the NECC breaks down and surface flow is westward 
(Supplemental Figure S2B) in the western tropical Atlantic. 
Our long term interest is in the balance between growth of 
pelagic Sargassum mats within the NERR and export from 
the NERR. In this short communication we isolate and ad- 
dress the issues of historical recirculation/consolidation dy- 
namics in the NERR and transport pathways as a first step 
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FIGURE 1. Locations of pelagic Sargassum. Two regions where pelagic 
Sargassum is commonly found in abundance (northwest Gulf of Mexico 
and the Sargasso Sea) and a new area, the North Equatorial Recircula- 
tion Region (NERR), proposed in Franks et al. (2011). Current vectors are 
calculated from mixed layer satellite tracked drifters and plotted where the 
current speed averaged = 0.25 m/s between June-September. This limit 
shows persistent currents, important for long distance transport, connecting 
the NERR with the northwest Gulf of Mexico and Sargasso Sea, but little 
connection from the Sargasso Sea back to the NERR. 


in understanding the timing of the bloom and the coastal 
incursion. 


MATERIALS AND METHODS 

Model 

In the present study, movements of pelagic Sargassum 
were backtracked for a period of one year from reported 
stranding sites in the eastern Caribbean, Brazil and West 
Africa (Supplemental Table S1) to possible source regions 
using archived surface currents from the global Hybrid Co- 
ordinate Ocean Model (HYCOM; Bleck 2002). The model 
has 1/12° longitude/latitude resolution and complete cover- 
age of the tropical Atlantic domain of interest. The model 
uses hybrid vertical coordinates consisting of sigma—coor 
dinates in the upper layer and z—coordinates in the lower 
layer. Surface boundary conditions (wind stress, heat flux, 
and salt flux) are supplied by the Navy Operational Global 
Atmospheric Prediction System (NOGAPS), and climato- 
logical river input is included for major rivers. In addition, 
data assimilation of satellite derived sea surface height and 
sea surface temperature through the Navy Coupled Ocean 
Data Assimilation (NCODA) system tends to phase lock the 
model into real events. 

Reverse—time trajectory tracking is a simple process done 
with a field of finite—difference modeled currents by calcu- 
lating successive positions of a parcel of water over small 
time increments: 6x(ttdt) = U(xtdx/2, t+6t/2) dt, where x 
and t are the initial position and time, U is the current vec 
tor located midway in space and time, dt is the time step 
and dx is the distance traced by the parcel during the time 


SC7 


step. The equation for dx was solved explicitly by iteration, 
and Akima cubic spline (Akima 1970) was used to interpo- 
late gridded model currents to the time and location. The 
time step was set to 15 min. To accommodate the effects 
of sub—grid scale motion, 5 parcels were released at each 
position with a Gaussian (mean of zero, standard deviation 
of one) addition of 1 km/d to the current vector and cen- 
ter—of—mass averaged for a new position. The process was 
continued for 365 days from locations of pelagic Sargassum 
stranding events in 2011. 


Drifting Buoys 

In order to isolate transport pathways that can dem- 
onstrate recirculation and consolidation in the NERR to- 
gether with reported stranding’s on both sides of the At 
lantic, designed experiments were conducted using selected 
drifting buoys. Satellite tracked drifting buoys have been 
deployed globally as part of the World Ocean Circulation 
Experiment, with records starting in 1979 and archived 
at NOAA'S Atlantic Oceanographic and Meteorological 
Office (http://www.aoml.noaa.gov/phod/dac/index.php). 
Buoys are drogued to reduce wind slippage and hence are 
reasonable simulators of surface drifting pelagic Sargassum. 
Buoy tracks are interpolated to 6 hourly positions, with 
currents calculated from successive positions. The data are 
quality controlled, archived and made available for general 
use (Lumpkin and Pazos 2007). In order to simulate trans- 
port pathways of the surface drifting Sargassum both into 
and within the NERR, boxes were created at strategic lo- 
cations and the pathways of satellite tracked buoys which 
passed through the boxes were studied. 


RESULTS AND DISCUSSION 

Backtracking pelagic Sargassum movements from strand- 
ing sites lead to the equatorial region (Supplemental Figure 
S3). Prior to the incursion into the eastern Caribbean, con- 
solidation of the Sargassum off NE Brazil is apparent from 
the density of tracks in the model run and in local cycling 
of a validation buoy. The West Africa strandings were also 
traced, first to the interior of the NERR and then to the 
equatorial region where the tracks joined the eastern Carib- 
bean tracks. To check these findings, back traces calculated 
for a few strandings that occurred in early 2014 (Supplemen- 
tal Figure S4) in the eastern Caribbean confirmed the con- 
nection with the equatorial region. 

Transport connections between the Sargasso Sea/North 
Atlantic and the NERR (Figure 1) are a major issue for deci- 
phering if the Sargassum incursions into the Tropical Atlan- 
tic arrived en masse or bloomed in the area from seedings. 
This issue can be addressed using historical drifting buoys. 
A virtual box (Figure 2A) was created across the Atlantic 
from 13.9°N to 16°N, where Sargassum from the Sargasso 
Sea would have to cross to reach the NERR (s 7.5°N lati- 
tude). Buoy identification numbers were obtained for all 
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drifting buoys deployed within the box (regardless of year 
or season) and only those buoy tracks which led into the 
NERR were plotted (Figure 2A, orange lines). Our results 
show the only historical connection between the North At 
lantic surface gyre and the NERR is along an intermittent, 
narrow coastal current off West Africa. Of the 305 buoys 
that were deployed in the 13.9°N to 16°N area (1992—2014), 
only 6 (~2%) entered the eastern NERR via this coastal cur- 
rent where they cycled for an average of 18 months until 
they died or grounded. None of the buoys lived long enough 
to enter the NERR along the African boundary and sub- 
sequently reach the eastern Antilles. This exercise dem- 
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onstrates that historical transport pathways show limited 
connection between the NERR and the Subtropical North 
Atlantic, and that drifter retention in the eastern NERR for 
periods longer than a year is possible. 

A second buoy experiment was conducted in order to 
address surface circulation and resulting Sargassum distribu- 
tion throughout the NERR along with connections among 
areas of retention/consolidation within the NERR where 
Sargassum growth could occur. This was done with anoth- 
er virtual box experiment in the Gulf of Guinea (Figure 
2B). The tracks of all buoys (170 total) that passed through 
this box showed 2 patterns of particular interest. One path 
connects the Gulf of Guinea with the recycling area in the 
eastern NERR found in the above experiment. After spend- 
ing considerable time in the eastern NERR, many of these 
buoys grounded along the African coast from Sierra Leone 
to the Gulf of Guinea. The second path went westward in 
the South Equatorial Current (SEC; Supplemental Figure 
S2B) to the coast of northeast Brazil and then into either 
the Caribbean, or back to the eastern NERR via the NECC 
during boreal summer. In both pathways, the dominant 
transport pattern is clockwise. 

In order to isolate the 2 patterns and determine potential 
consolidation areas, buoys that went through the Gulf of 
Guinea virtual box were further separated into those that 
also drifted west of 45°W (Figure 2C, red lines) and those 
that remained east of 30°W (Figure 2D, yellow lines). Fit 
teen of the buoys were entrained in the SEC in January/ 
February, arriving along the coast of northeast Brazil in the 
North Brazil Current (NBC) the following boreal spring 
(Figure 2C). Some of these grounded along the coast of 
northeast Brazil, some entered the Caribbean and some re- 
turned eastward in the North Brazil Current Retroflection 
(NBCR), crossing the entire Atlantic to the Gulf of Guinea. 
A total of 111 other buoys cycled between the Gulf of Guin- 
ea and the eastern NERR (Figure 2D), many eventually 


FIGURE 2. (A) Experiment using satellite tracked mixed-layer drifting 
buoys to determine level of connection between the North Equatorial Re- 
circulation Region (NERR) and the North Atlantic gyre (and the Sargasso 
Sea). Blue dots are locations of first-calculated currents (near deployment 
location). Only 6 of the 305 buoys entered the NERR in a narrow band 
along the coast of Africa. Orange dots indicate tracks of these 6 buoys. B. 
Experiment using satellite tracked mixed-layer drifting buoys to determine 
potential pelagic Sargassum consolidation areas and area connections. 
Identification numbers of all drifting buoys that passed through the virtual 
blue box in the Gulf of Guinea were obtained and the entire track of these 
buoys plotted from locations of first-calculated currents (red dots) to last re- 
port. C. Separation of all drifting buoys from the above experiment (Figure 
2B) that passed through the Gulf of Guinea virtual box and also passed 
west of 45°W. White dots are locations of first-calculated currents. This 
demonstrates entrainment (in January and February) into the South Equato- 
rial Current in the Gulf of Guinea and westward transport to the northeast 
coast of Brazil. D. Separation of all drifting buoys from the above experi- 
ment (Figure 2B) that passed through the Gulf of Guinea virtual box, but 
remained east of 30°W. Black dots are locations of first-calculated currents. 
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FIGURE 3. Schematic of proposed pelagic Sargassum transport pathways in the North Equatorial Recirculation Region (NERR). From the drifting buoy 
experiments, there are 2 buoy consolidation regions: in the eastern NERR (large red ellipse) which includes the Gulf of Guinea and in the western NERR 
(small red ellipse) which includes the North Brazil Current Retroflection (NBCR). The 2 areas are connected by the South Equatorial Current (SEC) and 
the North Equatorial Counter Current (NECC) (yellow arrows). Buoy transports to the Caribbean occur in spring/summer through the North Brazil Cur- 
rent/ Guiana Current (NBC/GC) and NBCR rings, and in the winter through the North Equatorial Current (NEC). Connections to the subtropical North 
Atlantic are weak with an intermittent flow to the NERR by a coastal current along West Africa (green arrow). 


grounding along the coast of Africa. Other buoys (Figure 
2B) were spread between the eastern NERR and the coast 
of northeast Brazil. These latter buoys are in position for 
winter transport to the eastern Caribbean when the NECC 
breaks down and the transport is predominantly westward 
throughout the North Tropical Atlantic. Within the NERR, 
consolidation areas where the buoys cycle for extensive peri- 
ods were apparent. 

A summary of the isolated circulation patterns is sche- 
matically presented in Figure 3. From the drifter experi- 
ments, there appear to be 2 consolidation regions within 
the NERR; one on the eastern side of the tropical Atlantic, 
associated with the Gulf of Guinea but broadly extending 
westward into the central NERR, and one on the western 
side associated with the NBCR. The large path conforms 
to climatological summer clockwise circulation around 
the NERR where flow is westward along the equator in 
the SEC, turning northwest along the northeast coast of 
South America and returning to the Gulf of Guinea via the 
NECC. 

Timing associated with the schematic pattern can be 
summarized as follows: during January—February, entrain- 
ment occurs from the Gulf of Guinea into the SEC where 
drifters travel westward and ground off northeast Brazil in 
the early spring. In the following months, buoy groundings 
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take place progressively further north along the northeast 
coast of South America until late spring/early summer 
when most drifters continue along the coast until they reach 
the southern Lesser Antilles. 

It is worth pointing out that discharge from the Amazon 
River reaches its peak in June/July (Filizola and Guyot 2004), 
pushing drifters further off the coast of Brazil where they 
are less likely to ground. Furthermore, the NBCR forms at 
about the same time which shunts drifters into the NECC. 
Drifters can reach the Lesser Antilles in summer either 
through a narrow coastal current (Guiana Current) or via 
rings which break off from the NBCR and drift northwest 
ward to the Caribbean (Johns et al. 2014). A ring break—off 
occurred in the first pelagic Sargassum incursion events of 
the Lesser Antilles in 2011 (Franks et al. 2011), creating un- 
certainty in direction of incursion until model backtracking 
revealed its path. During summer and fall, drifters that have 
been caught in the NBCR drift eastward in the NECC un- 
til they reach the eastern consolidation region with spread- 
ing along the coast of West Africa. This eastward drift is 
confirmed in satellite images (Gower et al. 2013). In winter, 
drifters can be caught in westward transport to the Caribbe- 
an as the NECC breaks down. This provides 3 generic ways 
that pelagic Sargassum incursion events in the Caribbean can 
occur: (1) into the southern Lesser Antilles via the Guiana 
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Current in late spring and summer, (2) into the northern 
Lesser Antilles in winter via the North Equatorial Current 
(NEC; Supplemental Figure S2B) and (3) intermittently in 
summer due to formation of an NBCR ring. 

In the spring of 2016, incursion events again took place in 
both the Lesser Antilles and Sierra Leone, West Africa. The 
first appearance in satellite images (Supplemental Figure S5) 
was recognized on 24 May 2016 in the area of the NBCR. 
Our efforts at predicting arrival in the Lesser Antilles using 
archived model data suggested that Sargassum would begin 
stranding in late July 2016. Subsequent images and on— 
ground sightings showed that it arrived in mid—July 2016. 
Both forward tracking (Supplemental Figure $5) and back 
tracking tended to confirm the transport patterns identified 
in our 2011 study (Franks et al. 2011). 


It is expected that prolonged time spent in recirculation 


within the higher nutrient, warmer NERR (Franks et al. 
2016) can significantly increase the biomass of Sargassum. 
LaPointe et al. (2014) found different growth rates of pelagic 
Sargassum between nutrient poor waters (oceanic) and nutri- 
ent richer waters (neritic) in the GOM and the western North 
Atlantic. In oceanic waters the mass was found to double in 
~50 days for both Sargassum fluitans and Sargassum natans, 
whereas in neritic waters the mass doubled in ~11 days. This 
means that over one year of growth with poor nutrients, and 
without reference to mortality, one ton of pelagic Sargassum 
could grow to ~158 tons. However, in higher nutrient waters 
one ton could grow to ~10 billion tons in one year. Modeling 
pelagic Sargassum blooms in the NERR will require growth 
rates, mortality rates, and finding the balance between a bet 
ter understanding of recycling in the NERR and export from 
the NERR. 
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